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An siRNA-based microbicide protects mice from 
lethal herpes simplex virus 2 infection 
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Herpes simplex virus 2 (HSV-2) infection causes significant 
morbidity' and is an important cofactor for the transmission of 
HIV infection 2 . A microbicide to prevent sexual transmission of 
HSV-2 would contribute substantially to controlling the spread of 
HIV and other infections 3 ' 4 . Because RNA interference (RNAi) 
provides effective antiviral defence in plants and other organisms, 
several studies have focused on harnessing RNAi to inhibit viral 
infection 5 . Here we show that vaginal instillation of small inter- 
fering RNAs (siRNAs) targeting HSV-2 protects mice from lethal 
infection. siRNAs mixed with lipid are efficiently taken up by 
epithelial and lamina propria cells and silence gene expression in 
the mouse vagina and ectocervix for at least nine days. Intra- 
vaginal application of siRNAs targeting the HSV-2 UL27 and UL29 
genes (which encode an envelope glycoprotein and a DNA binding 
protein 6 , respectively) was well tolerated, did not induce inter- 
feron-responsive genes or cause inflammation, and protected mice 
when administered before and/or after lethal HSV-2 challenge. 
These results suggest that siRNAs are attractive candidates for the 
active component of a microbicide designed to prevent viral 
infection or transmission. 

Most mammalian cells do not take up siRNAs without a transfec- 
tion reagent. We instilled fluorescein isothiocyanate (FITC) -labelled 
siRNAs complexed with a transfection lipid into the mouse vagina. 
The vaginal and ectocervical epithelium, underlying lamina propria 
and stroma efficiently took up the fluorescent siRNAs (Fig. la). 
When siRNAs targeting enhanced green fluorescent protein (EGFP) 
were administered intravaginally with lipid to transgenic GFP mice 
that express EGFP in every cell from the (3-actin promoter 7 , GFP 
expression three days later was down-modulated throughout the 
vagina and cervix of GFP siRNA- treated mice, but not in control mice 
(Fig. lb). Intravaginal siRNAs did not cause systemic silencing in 
distant organs such as the liver. Silencing persisted without dimin- 
ution for at least nine days (the total length of the experiments) under 
conditions in which epithelial turnover was reduced by treatment 
with medroxyprogesterone acetate (Fig. lc). Further studies are 
required to determine how long silencing persists and to assess the 
effect of menstrual variation on durability. Nonetheless, the extent 
and persistence of silencing suggests that siRNAs are attractive 
candidates for the active component of a microbicide. Moreover, 
their durability suggests that an RNAi-based microbicide might not 
need to be administered just before sexual intercourse, mitigating 
one of the main problems with microbicides: compliance. 

To determine whether topical siRNA application could protect 
against sexually transmitted infection, seven siRNAs targeting three 
essential HSV-2 genes— UL5 (a component of the helicase-primase 
complex), UL27 (envelope glycoprotein B) and UL29 (a DNA- 
binding protein) 6 — were designed using the Dharmacon design 
program 8 . After overnight incubation, siRNA-treated NIH3T3 



(Fig. 2a) and Vero (Fig. 2b) cells were infected with HSV-2 strain 
186 at a multiplicity of infection (MOI) of 1, and viral replication was 
assessed by plaque assay 24 h later. UL5.2, UL27.2 and UL29.2 
siRNAs significantly reduced viral titre, but GFP siRNA and inverted 
UL29.2 siRNA did not (Fig. 2b, c). 

UL29.2 was the most effective siRNA, suppressing viral replication 
by 62-fold in NIH3T3 cells and 25-fold in Vero cells. Viral replication 
by UL29.2 was inhibited at siRNA concentrations of 25 nM, and 
reached a plateau at 100 nM siRNA (Fig. 2c and data not shown). 
Gene silencing was specific for the targeted gene. When UL27 and 
UL29 messenger RNAs were quantified by real-time polymerase 
chain reaction with reverse transcription (RT-PCR) in Vero cells 
transfected one day earlier with UL27.2, UL29.2 or GFP siRNA and 
infected with HSV-2, peak UL27 expression (6 h after infection) was 
significantly downregulated in response to UL27.2, but not to UL29.2 
or GFP siRNA (P < 0.004). Conversely, UL29, which is expressed 
earlier than UL27, was significantly downregulated both at 4 h and 
6h, and only in response to UL29.2 siRNA (P < 0.0001 compared 
with GFP siRNA) (Fig. 2d). One day later, when infection had 
amplified by cell-to-cell spread, the expression of all four viral 
genes examined (siRNA-targeted (715, UL27 and UL29 as well as 
the viral thymidine kinase TK) was reduced by siRNAs targeting any 
of the viral genes (Fig. 2e). These differences were all highly 
statistically significant. Even the least effective siRNA (UL29.1) 
reduced viral replication (that is, TK expression; P < 0.002 com- 
pared with GFP siRNA). Control GFP siRNA did not affect viral gene 
transcription. Viral gene silencing roughly paralleled the inhibition 
of viral replication, with UL29.2 siRNA proving the most effective, 
suppressing relative viral gene expression by 4-5-fold (P < 0.001 
compared with GFP siRNA). UL5.2 and UL27.2 siRNAs each 
inhibited viral gene expression by ~3-fold (P < 0.002 for UL5.2, 
P < 0.001 for UL27.2 compared with GFP). 

To investigate whether siRNAs could protect mice from HSV-2 
infection, groups of 5-10 medroxyprogesterone-pretreated mice 
were given lipid-complexed UL29.2 intravaginally 2h before and 
4h after vaginal challenge with 2LD 50 (2 X 10 4 plaque-forming 
units, p.f.u.) of HSV-2 wild-type virus. Mice treated with 
<250pmol UL29.2 siRNA were not protected, mice treated with 
250 pmol siRNA were partially protected, and 500 pmol siRNA gave 
optimal protection (data not shown). We therefore administered 
500 pmol siRNA in subsequent experiments. 

UL29.2 siRNA provided highly significant protection, as assessed 
daily by a clinical disease scoring system or by survival (Fig. 3a, b). 
Although 75% of infected mice treated with GFP siRNA (15/20) or 
no siRNA (13/17) died, only 25% of mice treated with UL29.2 (5/20) 
died (time to death comparison by log-rank test: P < 0.001 versus 
no treatment, P < 0.003 versus GFP siRNA). Although 55% of 
UL29.2-treated mice developed some signs of infection, surviving 
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mice were free of clinical disease by day 1 1 . A longitudinal regression 
analysis of disease severity over time and between groups showed 
robust protection in UL29.2-treated mice (P < 0.001 versus no 
treatment, P < 0.006 versus GFP siRNA when analysed with respect 
to time course; P< 0.001 versus either control when analysed 
between groups). 

Mice treated with UL27.2, which was less effective in vitro, were 
less effectively protected. Skty per cent (6/10) of mice survived the 
lethal vaginal challenge (P < 0.009 compared with untreated, 
P = 0.10 compared with GFP siRNA). UL27.2 protection from 
disease severity was significant by longitudinal regression analysis 
(P< 0.001 compared with untreated, P < 0.005 compared with 
GFP siRNA with respect to time; P<0.01 and P = 0.05 when 
analysed between the respective groups). The clinical advantage 
was also evident by quantifying shed virus six days, after infection 



(Fig. 3c). Although all infected mice not given siRNAs shed virus 
on day six, no virus was detected in 70% of UL29.2- and 50% of 
UL27.2-treated mice. No virus was isolated from three out of nine 
GFP siRNA-treated mice, but this was not significantly different from 
mice not treated with siRNAs. Comparison of virus recovered from 
UL29.2 siRNA-treated mice with GFP siRNA-treated mice also was 
not significant (P = 0.09 by Wilcoxon rank sum test). However, the 
geometric mean viral titre was reduced from 1,226 p.f.u. ml -1 in 
untreated mice to 7.9 p.f.u. ml -1 in mice that received UL29.2 
(P < 0.01). Viral shedding at day six predicted survival, as 18 out 
of 19 mice from which virus was cultured died, whereas none out of 
15 mice with undetectable virus died. 

One concern about using RNAi against viruses is escape from 
RNAi by mutation of the targeted sequence. Escape mutation has 
been shown for polio, HIV and hepatitis C 9 "". We cloned and 
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sequenced HSV-2 DNA from the day 6 vaginal swab from one 
UL29.2-treated mouse that died and from one control mouse. No 
mutations were found in 150-nucleotide stretches of UL29, which 
included the targeted sequence, in 24 sequences analysed from each 
mouse. Escape mutation is not anticipated to be as problematic for 
DNA viruses (such as HSV-2) as for RNA viruses. 

The cervicovaginal mucosa of siRNA-treated, HSV-2-infected 
mice at day 6 was also spared (Fig. 3d). In control infected mice 
that were pretreated with no siRNA or GFP siRNA, the mucosal 
epithelium was partially denuded, and dying cells and inflammatory 
infiltrates were prominent. Multinucleated cells with intranuclear 
inclusion bodies— a hallmark of HSV-2 infection— were also evident. 
In contrast, in UL27.2 or UL29.2 siRNA-treated mice, the epithelium 
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Figure 2 | siRNAs targeting HSV-2 reduce viral replication. NIH3T3 (a) or 
Vero (b-e) cells were transfected overnight with siRNA, then infected with 
HSV-2 and harvested 20 h later. Values above bars show fold reduction in 
viral plaques. Data are representative of five independent experiments. 

c, Dose-response curve, showing effect of treatment with UL29.2 (filled 
circles), inverted UL29.2 (filled square) or GFP (filled triangle) siRNA. 

d, e, Gene silencing by real-time RT-PCR was specific at 4 h or 6 h, that is, 
before cell-to-cell spread (UL27.2, dark grey; UL29.2, light grey; GFP, white) 
(d), but expression of all viral genes {UL5, black; UL27, dark grey; UL29, 
light grey; TK, white) was suppressed at 24 h (e). Data show mean ± s.d. 
from one of two experiments. 



was intact and there were few apoptotic bodies and scarcely any 
inflammatory cells. 

To investigate the effects of delaying siRNA treatment until after 
HSV-2 exposure, 500 pmol of UL27.2 or UL29.2, or a mixture of both 
(250pmol each), was administered intravaginally 3 and 6h after 
infection. Mice receiving UL27.2 or UL29.2 alone had no survival 
advantage compared with mice given GFP siRNA (2/6 survived) or 
no siRNA (1/6 survived) (Fig. 3e). However, 5/6 mice given both 
UL27.2 and UL29.2 siRNA survived (P = 0.11 compared with GFP 
siRNA; P < 0.04 compared with no siRNA). Therefore, post- 
exposure treatment might be effective. Targeting multiple genes 
will probably work better than targeting a single gene. 

Under certain circumstances, siRNAs can induce the interferon 
(1FN) pathway and trigger inflammation 12 " 15 . We therefore analysed 
vaginal tissue for inflammatory infiltrates (Fig. 4a) and induction of 
interferon and interferon-responsive genes 24 and 48 h after siRNA 
treatment (Fig. 4b). siRNA treatment did not cause an inflammatory 
infiltrate. Moreover, Ifnb and the principal interferon-responsive 
genes, Oasl and Statl, were not significantly induced when analysed 
by quantitative RT-PCR. As expected, HSV-2 infection in the 
absence of siRNAs (used as a positive control) activated interferon- . 
responsive genes. 

Vaginal instillation of siRNAs targeting essential viral genes 
protects mice from vaginal challenge with a lethal dose of HSV-2. 
The treatment was well-tolerated without causing inflammation or 
inducing interferon-responsive genes. This efficient and lasting 
silencing deep in the vaginal tissue was unexpected, and augurs 
well for using siRNAs to prevent or treat sexually transmitted 
viral and parasitic infections. Our results, together with impressive 
results in lung models of viral infection 1 " 0 , suggest that siRNA 
uptake at mucosal surfaces may be particularly efficient and involve 
mechanisms not present in internal organs. 

Much work needs to be done to develop siRNAs as the basis for a 
microbicide. These experiments were done without optimizing the 
siRNAs for silencing efficiency or chemical modifications that 
enhance resistance to endogenous RNases 21 . siRNAs would also 
need to be formulated in a vehicle acceptable for vaginal retention. 
The effect of menstrual variation on protection, especially on 
the durability of silencing, needs to be evaluated. Viral sequence 
variability also needs to be addressed. However, by targeting rela- 
tively well-conserved viral sequences in essential viral genes or by 
combining siRNAs that target multiple viral genes, the related 
problems of viral sequence diversity and potential escape mutation 
might be mitigated. Although we did not find evidence of escape 
mutation, this might take longer than six days to develop. Any 
extension of our results to the designing of an HIV microbicide 
would also require demonstrating silencing in resident tissue macro- 
phages, dendritic cells and T cells, which are rare in normal, 
uninflamed vaginal tissue. 

Finally, cost is an important consideration for a microbicide 
designed for global use. Only 500 pmol siRNA was required to protect 
mice in this study. The manufacturing cost of a single application for 
humans, crudely estimated on the basis of scaling up by weight and 
current costs, is $8. If silencing is durable and treatments can be 
spaced, this is a realistic cost. Given the devastating global epidemic 
and the unlikelihood of there being an effective HIV-1 vaccine soon, 
we feel that investigating whether RNAi can be harnessed for use in 
microbicides is a sensible approach. 

Note added in proof: In the advance online publication of this Letter, 
in the second sentence of the fourth paragraph '25 |xM, and reached a 
plateau at 100 uM' should read '25 nM, and reached a plateau at 
100 nM'. In addition, the x axis of Fig. 2c should read 'siRNA 
concentration (nM)'. These errors have been corrected for print. 

METHODS 

Mice. BALB/c mice (5-8 weeks old) were obtained from Taconic Farms; 
FVB.Cg-Tg(GFPU)5Nagy mice were from Jackson Laboratories 7 . Mice were 
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Figure 3 | siRNAs protect mice from lethal HSV-2 infection, a-d, Mice 
given lipid-complexed siRNA intravaginally 2 h before and 4 h after infection 
with ~2 LD 50 HSV-2 were analysed for disease severity (a) (see colour code 
provided in Methods), survival (b) (HSV only, red; GFP, green; UL27.2, light 
blue; UL29.2, dark blue), viral shedding on day 6 (c) and cervicovaginal 
histopathology on day 6 (d). a, b show data from three experiments. 
Transfection of lipid alone did not affect HSV-2 disease (not shown). 



subcutaneously injected with 2mg medroxyprogesterone acetate (Sicor), and 
then 1 week later were infected vaginally with 2 X 10 4 p.f.u. (~2LD 50 ) HSV-2 
strain 186 (ref. 22). siRNA (500pmol) was complexed with Oligofectamine 
(Invitrogen) according to the manufacturer's protocol, and was then adminis- 
tered intravaginally (in a maximum volume of 12 jjlI) either 2h before and 4h 
after HSV-2 infection or 3 h and 6 h after HSV-2 infection. Clinical signs of 
infection were graded according to a five-point scale: 0, no signs of infection 
(purple); 1, slight genital erythema and oedema (blue); 2, moderate genital 
inflammation (green); 3, purulent genital lesions (yellow); 4, hind limb paralysis 



c, Vaginal viral shedding. Bars represent geometric mean titre. d, The 
epithelium is preserved after UL27.2 or UL29.2 siRNA treatment, with 
decreased inflammatory infiltrates and fewer dying cells. Boxes indicate 
areas magnified in lower panels. White arrow points to a multinucleated cell 
with viral inclusion-a hallmark of HSV-2 infection, e, A combination of 
UL27.2 plus UL29.2 siRNA, but neither siRNA alone, protects from HSV-2 
disease after exposure. Data are representative of two experiments. 



(orange); 5, death (red) 21 . Viral shedding was determined by swabbing the 
vaginal cavity (using a Micropur swab, PurFybr Inc.) on day 6 after infection, 
and titrating the virus on Vero cells. In some cases, the vagina was dissected at the 
indicated times and either fixed in 10% formalin (Sigma) for paraffin embedding 
and sectioning, or stored in RNAlater (Qiagen) for RNA isolation. 
Viruses and transfection assays. For in vitro studies, 186AKpn, a replication- 
competent, TiC-negative mutant of strain 186syn + (ref. 23) was grown in Vero 
cells as described 24 . Vero or NIH3T3 cells (ATCC) (4 X 10 5 cells per well in 6-well 
plates in 1ml of complete medium, plated one day earlier), were treated 



92 



© 2006 Nature Publishing Group 




with 100 pmol or the indicated concentration of siRNA. The siRNA had 
been complexed with TransIT-TKO (Mirus) to transfect Vero cells or with 
TransIT-siQuest (Mirus) for NIH3T3 cells, according to the manufacturer's 
instructions. The medium was replaced after overnight incubation at 37 °C, and 
2h later HSV-2 186AKpn was added at an MOI of 1. After 1 h at 37 °C, the 
medium was again replaced. Cells were harvested 24 h later and viral titre 
determined by plaque assay on Vero cells. For mouse experiments, wild-type 
HSV-2 strain 186syn + virus was used 25 . An aliquot of virus used for each 
mouse experiment was also assayed by plaque assay to confirm viral titre. 
siRNAs. siRNAs (Dharmacon) were prepared according to the manufacturer's 
instructions. FITC-labelled siRNA was a previously described sequence targeting 
CD4 (ref. 26). The sequence for silencing EGFP has been described 26 . The 
sequences for HSV-2 (GenBank accession number NC 001798) siRNAs were: 
UL5.1 (nt 12838-12856) sense 5'-CUACGGCAUCAGCUCCAAA-3', antisense 
5'-UUUGGAGCUGAUGCCGUAG-3'; UL5.2 (nt 12604-12622) sense 5'- 
UGUGGUCAUUGUCUAUUAA-3', antisense 5'-UUAAUAGACAAUGACC 
ACA-3'; UL27.1 (nt 54588-54606) sense 5'-GUUUACGUAUAACCACAUA-3', 
antisense 5'-UAUGUGGUUAUACGUAAAC-3'; UL27.2 (nt 54370-54388) sense 
5'-ACGUGAUCGUGCAGAACUC-3', antisense 5'-GAGUUCUGCACGAUCA 
CGU-3'; UL27.3 (nt 54097-54115) sense 5'-UCGACCUGAACAUCACCAU-3', 
antisense 5'-AUGGUGAUGUUCAGGUCGA-3'; UL29.1 (nt 59715-59733) 
sense 5'-CCACUCGACGUACUUCAUA-3', antisense 5'-UAUGAAGUACGUC 
GAGUGG-3'; UL29.2 (nt 60324-60342) sense 5'-CUUUCGCAAUCAAUUC 
CAA-3', antisense 5'-UUGGAAUUGAUUGCGAAAG-3'; inverted UL29.2 sense 
5'-AACCUUAACUAACGCUUUC-3', antisense 5 ' -GAAAGCGUUAGUUAAG 
GUU-3'. 

Quantitative RT-PCR. Total RNA (1 |ig) was isolated using the RNeasy RNA 
isolation kit (Qiagen) and reverse transcribed using Superscript III (Invitrogen) 



and random hexamers, according to the manufacturer's protocol. Real-time 
PCR was performed on 0.2 nl of complementary DNA, or a comparable 
amount of RNA with no reverse transcriptase, using Platinum Taq Polymerase 
(Invitrogen) and a Biorad iCyder. SYBR green (Molecular Probes) was used to 
detect PCR products. Reactions were performed in 25 |il in triplicate. Primers 
were: Gapdh forward 5 ' -TTCACCACCATGGAGAAGGC-3 ' , Gapdh reverse 5'- 
GGCATGGACTGTGGTCATG A-3 ' , TK forward 5'-CGATCTACTCGCCAA 
CACGGTG-3', TK reverse 5'-GAACGCGGAACAGGGCAAACAG-3', UL5 for- 
ward 5 ' -TCGCTGGAGTCCACCTTCGAAC-3' , UL5 reverse 5'-CGAACTC 
GTGCTCCACACATCG -3 ' , UL27 forward 5-CAAAGACGTGACCGTGTCG 
CAG-3', UL27 reverse 5'-GCGGTGGTCTCCATGTTGTTCC-3', UL29 forward 
5 '-GCCAGGAG ATGGACGTGTTTCG- 3 ' , UL29 reverse 5'-CGCGCTGTT 
CATCGTTCCGAAG-3', Statl forward 5 ' -TTTGCCCAGACTCGAGCTCCTG- 
3', Sfnti reverse 5'-GGGTGCAGGTTCGGGATTCAAC-3', Oasl forward 5'- 
GGAGGTTGCAGTGCCAACGAAG-3', Oasl reverse 5' -TGGAAGGGAGGCA 
GGGCATAAC-3', Ifnb forward 5 ' -CTGGAGCAGCTGAATGGAAAG-3 ' , Ifnb 
reverse 5' -CTTGAAGTCCGCCCTGTAGGT-3 ' . 

PCR parameters consisted of 5min Taq activation at 95 °C, followed by 40 
cycles of 95 °C X 20 s, 60°CX 30 s, and 69 °C X 20 s. Standard curves were 
generated and the relative amount of mRNA was normalized to Gapdh 
mRNA. Specificity was verified by melt curve analysis and agarose gel 
electrophoresis. 

Tissue sections and microscopy. For fluorescence microscopy, dissected tissue 
was placed in optimal cutting temperature compound (TissueTek) and snap- 
frozen in LN 2 . For haematoxylin-eosin stained sections, tissues were fixed in 10% 
formalin and paraffin-embedded. Microscopy was performed and scored (by an 
operator blind to the treatment condition) on a Zeiss Axiovert 200M microscope 
using Slidebook acquisition and analysis software (Intelligent Imaging). 
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Statistical analysis. In vitro data were analysed by Student's t-test. Survival 
distribution was calculated using the Kaplan and Meier method 27 , and the 
univariate comparison of survival for control versus treated groups was tested 
using a log-rank test, comparing two groups at a time 28 . The approach of 
generalized estimating equations was used to model disease scores collected over 
time and to compare disease severity of control versus treated groups 29 . All 
P-values are for two-tailed significance tests. 
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In this study, we used small interfering RNA (siRNA) directed 
against vascular endothelial growth factor receptor 1 (vegfrl) 
mRNA to investigate the role of VEGFR1 in ocular 
neovascularization (NV). After evaluating many siRNAs, 
Sirna-027 was identified; it cleaved vegfrl mRNA at the 
predicted site and reduced its levels in cultured endothelial 
cells and ' in mouse models of retinal and choroidal 
neovascularization (CNV). Compared to injection of an 
inverted control sequence, quantitative reverse transcrip- 
tase-PCR demonstrated statistically significant reductions of 
57 and 40% in vegfrl mRNA after intravitreous or periocular 
injection of Sima-027, respectively. Staining showed uptake 
of 5-bromodeoxyuridine-labeled Sirna-027 in retinal cells that 



lasted between 3 and 5 days after intravitreous injection and 
was still present 5 days after periocular injection. In a CNV 
model, intravitreous or periocular injections of Sirna-027 
resulted in significant reductions in the area of NV ranging 
from 45 to 66%. In mice with ischemic retinopathy, 
intravitreous injection of 1.0 vg of Sirna-027 reduced retinal 
NV by 32% compared to fellow eyes treated with 1.0 \ig of 
inverted control siRNA. These data suggest that VEGFR1 
plays an important role in the development of retinal and 
CNV and that targeting vegfrl mRNA with siRNA has 
therapeutic potential. 
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Introduction 

Vascular endothelial growth factor (VEGF-A) plays a 
central role in the development of several types of 
neovascularization (NV), including retinal and choroidal 
neovascularization (CNV). 1 ^ These data suggest that the 
VEGF pathway may be an important therapeutic target 
and results from clinical trials using an aptamer 5 or an 
antibody fragment 6 that binds VEGF-A have supported 
this contention. Blocking VEGF receptors is another 
strategy for antagonizing VEGF-A that has the potential 
advantage of blocking multiple VEGF family members 
at once. 

There are multiple VEGF receptors (VEGFR) and their 
role in angiogenesis is not completely clear. Mutated 
VEGFs that bind VEGFR2, but not VEGFR1, have full 
activity as stimulators of endothelial cell proliferation 
and migration, and stimulate corneal angiogenesis and 
vascular leakage in skin, whereas VEGFs that bind 
VEGFR1, but not VEGFR2, lack these activities. 7 There- 
fore, for endothelial cells in vitro, and for cornea and skin 



in vivo, VEGFR2 is essential for VEGF-mediated activity. 
In fact, it has been postulated that VEGFR1 is a decoy 
receptor that negatively regulates the activity of 
VEGFR2, 8 and during developmental angiogenesis this 
appears to be the case, because vegfrl -/ - mice show 
excessive proliferation of angioblasts, a sign of VEGF-A 
overaction. 9 However, in other settings, VEGFR1 appears 
to play proangiogenic and propermeability roles, effects 
that may be mediated by placental growth factor (P1GF), 
which binds VEGFR1, but not VEGFR2. 10 Also, stimula- 
tion of VEGFR1 may cause vascular endothelium 
in some vascular beds to release tissue-specific 
growth factors." Therefore, investigations in the vascular 
bed of interest must be carried out to determine the 
roles of VEGFR1 and VEGFR2 in particular disease 
processes. 

Small interfering RNAs (siRNAs) provide a useful 
means to selectively reduce mRNAs and probe the 
function of gene products. In this study, we used Sirna- 
027, an siRNA that specifically reduces vegfrl mRNA, to 
explore the role of VEGFR1 in ocular NV. 
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Results 

siRNA-mediated reduction of vegfrl mRNA in cultured 
cells 

Candidate siRNAs targeting vegfrl mRNA were de- 
signed using a bioinformatics-based approach with one 
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selection criterion being conservation of the siRNA target 
site in the human, mouse, and rat vegfrl sequences. This 
constraint supports direct animal testing of siRNAs that 
are also suitable for human clinical trials. Chemical 
modifications of the siRNA were included that enhance 
stability and support their use in vivo. These include 
inverted abasic moieties at the 5' and 3' ends of the sense 
strand oligonucleotide and a single phosphorothioate 
linkage between the last two nucleotides at the 3' end of 
the target-complementary (antisense) strand. These 
modifications significantly extend the in vivo half-life in 
vitreous and ocular tissue following intraocular injection 
into rabbit eye (manuscript in preparation). 

The lead candidate Sirna-027 was first identified from 
a panel of stabilized siRNAs by its ability to reduce NV 
in a rat corneal pocket model of VEGF-induced angio- 
genesis (data not shown). To determine if treatment with 
Sirna-027 specifically reduced its endogenous target 
mRNA, cell culture studies were carried out in human 
aortic endothelial cells (HAECs). When quantified by 
reverse transcriptase (RT)-PCR, cellular levels of vegfrl 
mRNA were reduced by 71% following treatment with 
12.5 nM Sirna-027 relative to treatment with the inverted 
control siRNA (Figure la). No effect of Sirna-027 was 
noted on the level of vegfrl mRNA (Figure lb). While 
these two VEGF receptors share considerable homology, 
the Sirna-027 target site is not present in vegfrl mRNA. 
Significant reduction of vegfrl mRNA and lack of activity 

i vegfrl mRNA support the specificity of Sirna-027 



The potency of Sirna-027 was evaluated using a 
luciferase-reporter assay in cultured HeLa cells. A 
reporter plasmid was constructed by ligating ~80 
nucleotides of human vegfrl sequence into the 3' 
untranslated region of the Renilla luciferase gene. 
The reporter plasmid also contained a Firefly luciferase 
gene for use as a normalization control. When this 
reporter plasmid and Sirna-027 were cotransfected into 
HeLa cells, RNAi activity directed against the vegfrl 
target appended to the Renilla mRNA resulted in a 
reduction of Renilla luciferase activity. As shown in 
Figure lc, the IC S0 for Sirna-027 in this system is ~50 pM. 
The dose-response curve reaches saturation at approxi- 
mately 1 nM Sirna-027 with a >95% reduction in the 
ratio of Renilla:Firefly luciferase activity. These data 
demonstrate that Sirna-027 is effective at extremely low 
concentrations. 

Experiments in a HeLa cell extract confirmed that 
Sirna-027 acts by an RNAi mechanism to direct cleavage 
of vegfrl sequence at the expected site. The site of siRNA- 
directed target cleavage is defined by the 5' end of the 
siRNA antisense strand and results in site-specific strand 
scission between the target nucleotides annealed to the 
10th and 11th positions of the target complementary 
sequence. 12 As shown in Figure 2, incubation of an ~100 
nucleotide 5'- 32 P-labeled transcript of vegfrl sequence 
with Sirna-027 in a HeLa cell extract resulted in specific 
cleavage predominantly at the expected position. The 
amount of product formed increased with time; after 2 h 
approximately 25% of the target RNA was converted to 
product. No cleaved product was observed when the 
target was incubated with a control siRNA with the same 
stabilizing modifications. Thus, Sirna-027 acts via an 
RNAi mechanism and directs the site-specific cleavage of 
vegfrl mRNA. 




Figure 1 Sirna-027 specifically reduces vegfrl mRNA. Cultured 
HAECs were left untreated or transfected with LF2K complexes 
containing 12.5 nM Sima-027 or the inverted control siRNA. Total 
RNA isolated at 24 h post-transfection was analyzed by RT-PCR for 
either vegfrl (a) or vegfrl (b) mRNA. Normalized RNA levels for the 
untreated samples were set to 1 to facilitate comparison. Treatment 
with Sima-027 reduced the level of vegfrl by 71% (P = 0.0001) 
compared to treatment with the inverted control siRNA, but had no 
effect on the level of vegfrl. Note that in this cell culture system 
siRNA transfection conditions alone significantly increased the level 
of both VEGF receptor mRNAs. Compared to untreated cells, 
treatment with the inverted control resulted in a 40-75% increase in 
vegfrl (P = 0.0026) and vegfrl (P = 0.0038), respectively. As this effect 
is likely due to the use of the lipid transfection agent, it is 
appropriate to state the activity of Sirna-027 relative to treatment 
with the inverted control siRNA. (c) A dose-response curve (5- 
5000 pM) for Sirna-027 was obtained in a luciferase reporter system 
in HeLa cells in which cleavage at the Sirna-027 target site resulted 
in decreased Renilla luciferase activity (normalized to activity of 
Firefly luciferase located on the same plasmid reporter). Curve fit of 
the data using Kaleidograph software (Synergy Software, Reading, 
PA, USA) revealed an IC 50 of ~50 pM. For (a-c), means (+s.e.m.) 
were calculated from three replicate transfections. 



Intravitreous or periocular injection of Sirna-027 
significantly reduces vegfrl mRNA and protein 
in the eye 

Experiments were designed to determine how effectively 
Sirna-027 is able to reduce expression of vegfrl mRNA in 
two mouse models of ocular NV. In a mouse model of 
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Figure 2 Sirna-027 directs site-specific cleavage of target vegfrl 
RNA. A radiolabeled transcript of vegfrl RNA sequence containing 
the Sirna-027 target site was generated for use as the substrate for an 
siRNA-induced cleavage assay in HeLa cell extract. The sequence of 
the Sima-027 target site is shown to the left of RNA markers 
generated from the radiolabeled transcript by alkaline hydrolysis 
(lane 1, nucleotide ladder) or RNAse Tl (lane 2, digestion at 
guanosine residues). The remaining lanes contain products follow- 
ing a 2 h incubation with either the negative control siRNA (lane 3, 
no cleavage products) or Sirna-027 for 30, 60, 90, and 120 min (lanes 
4-7, respectively). The predominant Sirna-027 cleavage product is 
observed at the expected location within the substrate as indicated 
with A 1 A in the sequence. Secondary products, one or more 
nucleotides shorter, may result from substrate heterogeneity or 
target RNA degradation prior to or subsequent to cleavage. 



CNV due to laser-induced rupture of Bruch's membrane, 
mice were given one intra vitreous injection of 1.5 /ig 
of Sirna-027, 1.5 fig of a control siRNA with inverted 
sequence, or phosphate-buffered saline (PBS) immedi- 
ately after laser. After 7 days, RT-PCR was carried out 
using total RNA isolated from whole eyes and vegfrl 
specific primers. Compared to the level of vegfrl mRNA 
amplified from eyes injected with inverted control 
siRNA (Figure 3a, lane 2) or PBS (lane 3), only a very 
faint band for vegfrl mRNA was visible from eyes 
injected with Sirna-027 (lane 1). 

A similar study was carried out in mice with oxygen- 
induced ischemic retinopathy. In this case, mice were 
given an intravitreous injection of 3 jug of Sirna-027 in 
one eye and 3 /ig of inverted control siRNA in the other 
eye at P12, the beginning of the ischemic period. At P15, 
real-time PCR demonstrated that injection of Sirna-027 
resulted in a 57% reduction in vegfrl mRNA (Figure 3b) 
compared to intravitreous injection of inverted control 
siRNA. Periocular injection of Sirna-027 also significantly 
reduced the level of vegfrl mRNA in the retinas of mice 
with ischemic retinopathy (Figure 3c). Periocular injec- 
tion of 7.5 /ig of Sirna-027 at P12, P14, and P16 resulted in 



Figure 3 Effect of intravitreous or periocular injection of Sirna-027 
on levels of vegfrl mRNA or VEGFR1 protein, (a) On day 1, Bruch's 
membrane was ruptured at three locations in each eye and PBS, 
1.5 /ig Sirna-027 or 1 .5 \ig inverted control siRNA was introduced by 
intravitreous injection. After 7 days mice were euthanized, eyes 
were removed, and total RNA was prepared. A faint band for vegfrl 
mRNA was visualized after amplification of RNA isolated from 
eyes injected with Sima-027 (lane 1), compared to more prominent 
bands amplified from RNA isolated from eyes injected with 
inverted siRNA (lane 2) or PBS (lane 3). Amplification of ribosomal 
S16 mRNA from the same samples demonstrates that the low level 
of vegfrl mRNA in lane 1 is not due to a difference in total RNA 
used for PCR reactions, (b) Following 5 days in 75% oxygen, mice at 
PI 2 were returned to room air and given an intravitreous injection 
of 3 /ig Sima-027 or inverted control siRNA. At P15, total retinal 
RNA was isolated and RT-PCR was performed using primers 
specific for vegfrl or cyclovhilin mRNA. Bars represent the mean 
(+s.e.m.) vegfrl mRNA copy number per 10 6 copies of cyclophilin A 
mRNA and show a 57% reduction (P = 0.004) in vegfrl mRNA in 
eyes injected with Sima-027 (n = 8) compared to eyes injected with 
inverted siRNA (n = 7). (c) Mice with ischemic retinopathy induced 
as described in (b) were given a periocular injection of 7.5 /ig of 
Sima-027 or inverted siRNA at P12, P14 and P16. At P17, vegfrl 
mRNA was measured as described in (b). There was a 40% 
reduction (P = 0.0121) of vegfrl mRNA in retinas of eyes injected 
with Sima-027 (n = 9) compared to those injected with inverted 
control siRNA (n = 6). Bars represent the mean (+s.e.m.) vegfrl 
mRNA copy number per 10 s copies of cyclophilin A mRNA. (d) Mice 
with ischemic retinopathy induced as described in (b) were given 
an intravitreous injection of 5 /ig Sima-027 or inverted control 
siRNA at P12. At P15, mice were euthanized and VEGFR1 was 
measured by ELISA in retinal homogenates. There was a 30% 
reduction (P = 0.0103) of VEGFR1 protein in eyes injected with 
Sirna-027 (n = 8) compared to eyes injected with inverted control 
siRNA (n = 7). Data are expressed as mean levels of VEGFR1 
protein (+s.e.m.). 
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a 40% reduction in vegfrl mRNA at P17 compared to 
fellow eyes injected with inverted control siRNA. 

To assess the impact on VEGFR1 protein levels, P12 
mice with ischemic retinopathy were given an intravitr- 
eous injection of 5 fig of Sirna-027 in one eye and 5 fig of 
inverted control siRNA in the other eye. At P15, ELISA 
results showed that the level of VEGFR1 in the retinas of 
Sirna-027-treated eyes was reduced by 30% compared 
to retinas of eyes injected with inverted control siRNA 
(Figure 3d). 

Distribution of siRNA in the eye at several time points 
after intravitreous or periocular injection 
5-Bromodeoxyuridine (BrdU)-labeled Sirna-027 was 
used to evaluate distribution of siRNA in the mouse 
eye over time after injection. 6h after intravitreous 
injection of 5 fig of BrdU-labeled Sirna-027, there was 
staining for BrdU in ganglion cells, some cells in the 
inner nuclear layer, and a strip along the external 
limiting membrane (Figure 4). At 12 and 24 h after 
injection, most of the staining was in the ganglion cells 
and inner nuclear layer. By 48 h, there is also prominent 
staining in photoreceptors. At 5 days after injection, it 
appeared that most of the BrdU-labeled siRNA had been 
cleared from the retina. 

At 6h after periocular injection of 25 fig of BrdU- 
labeled Sirna-027, there was staining of some ganglion 
cells, a few cells in the inner nuclear layer, and the region 



of the external limiting membrane (Figure 5). The staining 
in ganglion cells, the inner nuclear layer, and the strip 
along the external limiting membrane increased at 12 h, 
seemed to peak at 24 h, and decreased at later time points 
although it was still detectable at 5 days after injection. 
The staining in photoreceptor cell bodies peaked at 
12-24 h and was back to baseline by 72 h. These results 
demonstrate that siRNAs rapidly access all layers of the 
retina after either intravitreous or periocular injection and 
are detectable for several days after injection. 

Intravitreous or periocular injection of Sirna-027 
suppresses CNV 

The effect of Sirna-027 in vivo was assessed using a laser- 
induced model of CNV in adult female C57BL/6 mice. 
One group of mice was treated on days 1 and 7 with an 
intravitreous injection of 1.5 fig of Sirna-027 in one eye 
and 1.5 fig of inverted control siRNA in the fellow eye. A 
second group of mice received injection of 0.5 /Jg of 
Sirna-027 in one eye and PBS in the fellow eye on days 1 
and 7. At 14 days after rupture of Bruch's membrane, 
eyes that received intraocular injections of inverted 
siRNA or PBS developed large areas of CNV (Figure 6a 
and b). Compared to the control eyes, eyes treated with 
1.5 or 0.5 fig of Sirna-027 had significantly smaller areas 
of CNV (Figure 6c-e). Reductions in CNV lesion size 
of 56 and 66% vs 1.5 fig inverted control siRNA or PBS, 
respectively, were noted. 




Figure 4 Distribution of BrdU-labeled Sirna-027 in the retina at 
various times after intravitreous injection. In all, 5 fig of BrdU- 
labeled Sirna-027 was injected into the vitreous cavity of mice 
and, at 6, 12, 24, or 48 h (h) or 5 days after injection, mice were 
euthanized and ocular frozen sections were immunohistochemi- 
cally stained for BrdU. At 6 h after injection, staining was limited to 
ganglion cells, a few cells in the inner nuclear layer, and the region 
of the external limiting membrane. At 12 and 24 h after injection, 
there was strong staining in ganglion cells and the inner nuclear 
layer. At 48 h and beyond, there was no longer staining in ganglion 
cells. There was widespread strong staining in photoreceptor cell 
bodies at 48 h that was less at earlier and later time points. By 5 days 
after injection, there was no longer staining for BrdU in the retina. 
GCL= ganglion cell layer; INL = inner nuclear layer; ONL = outer 
nuclear layer. 




Figure 5 Distribution of BrdU-labeled Sima-027 in the retina at 
various times after periocular injection. In all, 5 id containing 25 fig 
of BrdU-labeled Sima-027 was injected into the periocular space of 
mice and, at 6, 12, 24, or 48 h (h) or 5 days after injection, mice were 
euthanized and ocular frozen sections were immunohistochemi- 
cally stained for BrdU. At 6 h after injection, staining was limited to 
ganglion cells, a few cells in the inner nuclear layer, and the region 
of the external limiting membrane. The staining in ganglion cells, 
the inner nuclear layer, and the strip along the external limiting 
membrane increased at 12 h, seemed to peak at 24 h, and decreased 
at later time points although it was still detectable at 5 days after 
injection. The staining in photoreceptor cell bodies peaked at 12- 
24 h and was back to baseline by 72 h. GCL = ganglion cell layer; 
INL = inner nuclear layer; ONL = outer nuclear layer. 
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Figure 6 Intravitreous injection of Sirna-027 suppresses choroidal NV. Ruptures in Bruch's membrane were induced at three locations m 
each eye on day 1. On days 1 and 7, mice received a 1 /A intravitreous injection of 1.5 ng Sirna-027 in one eye and 1.5 ng inverted control 
siRNA in the fellow eye, or 0.5 ng Sirna-027 in one eye and PBS in the fellow eye. On day 14, mice were perfused with fluorescem-labeled 
dextran and choroidal flat mounts were examined by fluorescence microscopy. There were large areas of choroidal NV at Bruch's membrane 
rupture sites in eyes injected with 1.5 fig inverted control siRNA (a) or PBS (b), while eyes injected with 0.5 fig (c) or 1.5 ng of Sirna-027 (d) 
had small areas of choroidal NV. Measurement of the area of choroidal NV by image analysis (e) demonstrated that eyes injected with Sirna- 
027 had significantly smaller choroidal NV areas than fellow eye controls. Data are expressed as the averaged CNV area (+s.e.m.). (P = 0.020 
for difference between 1.5 fig Sirna-027 (n = 6) and 1.5 »g inverted control siRNA (n = 16), P = 0.011 for difference between 0.5 fig Sima-027 
(n = 5) and PBS (n = 5)). 



The effect of periocular injections of Sirna-027 was also 
investigated. After rupture of Bruch's membrane, mice 
were given 5 ^1 containing 7.5 of either Sirna-027 or 
inverted control siRNA every 3 days for 2 weeks by 
periocular injection. Eyes treated with Sirna-027 had 
significantly smaller areas of CNV compared to those 
treated with inverted siRNA (Figure 7). CNV area was 
reduced by 45%. 

Intravitreous injection of Sirna-027 suppresses retinal 
NV 

The effect of Sirna-027 on NV was also assessed in a 
model of ischemia-induced retinal NV. In this model, 
areas of retinal ischemia due to closure of retinal blood 
vessels result in sprouting of new vessels that grow 
through the internal limiting membrane into the vitreous 
cavity, similar to the situation seen in humans with 
retinopathy of prematurity or proliferative diabetic 



retinopathy. Mice with ischemic retinopathy were given 
an intravitreous injection of 1 /d containing 1 \i% of Sirna- 
027 in one eye and inverted control siRNA in the fellow 
eye at P12. At P17, the amount of retinal NV was 
significantly reduced in eyes injected with Sirna-027 
compared to those injected with inverted siRNA (Figure 
8). Following this single injection, the area of retinal NV 
was reduced by 32%. 



Discussion 

Several lines of evidence suggest that VEGFR2 plays 
a primary role in VEGF signaling, but the action of 
VEGFR1 is less established and appears to be context- 
dependent. During developmental angiogenesis, 
VEGFR1 acts as a negative regulator of VEGF activity, 13 
but in adult mice with Lewis lung carcinoma, tumor 
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Figure 7 Periocular injection of Sirna-027 suppresses choroidal 
NV. Bruch's membrane was ruptured at three locations in each eye 
on day 1. On days 1, 4, 7, 10, and 13, mice received periocular 
injections of 7.5 fig of Sirna-027 or inverted control siRNA. On day 
14, mice were perfused with fluorescein-labeled dextran and 
choroidal flat mounts were examined by fluorescence microscopy. 
There were large areas of choroidal NV at Bruch's membrane 
rupture sites in eyes injected with inverted siRNA (a), while 
eye injected with Sirna-027 had smaller areas of choroidal NV 

(b) . Measurement of the area of choroidal NV by image analysis 

(c) demonstrated that, compared to the area of choroidal NV at 
Bruch's membrane rupture sites (n = 13) in eyes injected with 
inverted siRNA, there was a 45% reduction in the area of choroidal 
NV at rupture sites (n = 12) in eyes treated with Sirna-027 
(P = 0.0002). Data are expressed as the averaged CNVarea (+s.e.m.). 



angiogenesis was stimulated through VEGFR1. 14 Also, 
inhibition of VEGFR1 with an anti-VEGFRl antibody 
suppressed ischemia-induced retinal NV. 10 Moreover, 
some proangiogenic effects may be mediated by P1GF 
specifically through VEGFR1 and not VEGFR2. 10 In this 
study, we used Sirna-027, a chemically stabilized siRNA 
directed against vegfrl mRNA, to reduce specifically the 
levels of retinal VEGFRl. Either intravitreous or perio- 
cular injection of Sirna-027 caused significant reduction 
of vegfrl mRNA and significantly suppressed CNV or 
retinal NV; therefore, VEGFRl is a positive regulator of 
both CNV and retinal NV. 

In addition to VEGFRl and VEGFR2, the neuropilins 
(Npns), Npnl and Npn2, participate in VEGF signaling 
and both play important roles in pathologic ocular NV. 15-18 
Intravitreous injection of an anti-Npnl antibody sup- 
presses ischemia-induced retinal NV and mice deficient 
in Npn2 have markedly reduced ischemia-induced and 
VEGF-induced retinal NV. Thus, it appears that all four 




Figure 8 Sirna-027 reduces retinal NV in mice with oxygen- 
induced ischemic retinopathy. Litters of neonatal C57BL/6 mice 
were placed in 75% oxygen at P7. At P12, mice were removed to 
room air and were given an intravitreous injection of 1 ixg of Sirna- 
027 or inverted control siRNA. At P17, the mice were euthanized 
and ocular frozen sections were stained with GSA. Mice treated 
with inverted siRNA (n = 8) showed extensive preretinal NV 
(a, arrows). However, mice treated with Sirna-027 (n = 8; b, arrows) 
had significantly less preretinal NV. (c) Data are represented as the 
average NV area (+s.e.m.) and demonstrated that Sirna-027 
treatment reduced preretinal NV by 32% relative to treatment with 
inverted control (P = 0.0008). 



VEGF receptors, VEGFRl, VEGFR2, Npnl, and Npn2, 
play important nonoverlapping roles in pathologic 
ocular NV, and each provides a target for therapeutic 
intervention. 

In addition to demonstrating that VEGFRl is a 
potential target for treatment of CNV, this study also 
suggests that a viable strategy for attacking that target 
is to knock down vegfrl mRNA with Sirna-027. Labeled 
Sirna-027 was detected in the retina for 4-5 days 
following intravitreous injection, suggesting that it is 
taken up and retained within retinal cells for a 
substantial period of time. After periocular injection, 
labeled Sirna-027 was able to pass through the sclera and 
choroid and was detectable within retinal cells for at least 
5 days. With either route of delivery, there was sufficient 
reduction of vegfrl mRNA to significantly suppress CNV. 
Also, intravitreous injection of Sirna-027 significantly 
suppressed ischemia-induced retinal NV, with corre- 
sponding reductions in vegfrl mRNA and protein. These 
data suggest that both intravitreous and periocular 
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injection of Sirna-027 deserve further testing as potential 
treatment approaches for ocular NV. 

Previous studies have demonstrated that VEGF is a 
critical stimulus for CNV and an important therapeutic 
target. Two VEGF antagonists, an aptamer and an 
antibody fragment, reduce vision loss in patients with 
CNV when given by repeated intravitreous injections. 5 - 6 
Identifying additional VEGF pathway antagonists with 
improved characteristics, such as a prolonged duration 
of effect or a less-invasive route of delivery, is an 
important goal. The ability to reduce more than one 
target in a pathway may be especially useful and could 
be accomplished using bi- or multifunctional siRNAs 
designed to target more than one mRNA. Thus, the 
identification and use of chemically stabilized siRNAs 
that can specifically target one or more members of the 
VEGF pathway may be a viable alternative, or an 
adjunct, to more traditional therapeutic approaches. A 
phase I clinical trial investigating the safety of a single 
intravitreous injection of several different doses of Sirna- 
027 in patients with neovascular age-related macular 
degeneration is underway. The effect of a single 
intravitreous injection may be too brief to achieve a 
sustained therapeutic effect; so, if the safety profile for 
Sirna-027 is good, it is planned to perform a phase II trial 
to investigate the efficacy of multiple intravitreous 
injections of Sirna-027 in patients with neovascular 
AMD. Additional preclinical studies are also needed to 
investigate strategies for sustained delivery of siRNAs to 
the eye, which would not only be useful for treatment 
with Sirna-027 but also could be the basis for using 
siRNAs to treat a variety of ocular disorders in the 
future. 



Materials and methods 

Mice 

Pathogen-free female C57BL/6 mice were purchased 
from Charles Rivers Laboratories, Inc. (Wilmington, MA, 
USA) and were treated in accordance with the require- 
ments of the Committee on Animal Welfare of the Johns 
Hopkins University School of Medicine and the guide- 
lines of the Association for Research in Vision and 
Ophthalmology for the use of animals in Research. 

siRNA synthesis and structure 

RNA single strands were synthesized at Sirna Thera- 
peutics, Inc. by standard procedures. 19 Complementary 
sense and antisense single strands were annealed, 
desalted, and lyophilized to provide the final siRNA 
duplex. The integrity and purity of the siRNA was 
confirmed by HPLC, and MALDI-TOF MS methodolo- 
gies. Lyophilized duplex was reconstituted in PBS. 

The sequences of the two oligonucleotide strands of 
the Sirna-027 siRNA duplex are as follows: sense, 5'-BCU 
GAG UUU AAA AGG CAC CCT TB-3'; antisense, 
5'-GGG UGC CUU UUA AAC UCA GT s T-3'. Modifica- 
tions are unpaired deoxythymidines (T), one phosphoro- 
thioate linkage (s) and two inverted 2'-deoxy abasic 
nucleotides (B). 20 The sense strand is identical in 
sequence to the target site in vegfrl mRNA; the antisense 
strand directs cleavage of vegfrl mRNA when bound in 
the RNA-induced silencing complex (RISC). The Sirna- 
027 target sequence is present in vegfrl mRNA for human 



(GenBank accession no. NM_002019.1, nucleotides 
349-368), mouse (NM_010228.1), rat (NM_019306.1), as 
well as in the pig and monkey vegfrl genes. RNA was 
isolated from pig and monkey tissue and used to 
synthesize cDNA for vegfrl, which was sequenced to 
confirm the presence of the Sirna-027 target site. A 
negative control siRNA with the same stabilizing 
modifications as Sirna-027 was used. This inverted 
control is an siRNA with an inverted Sirna-027 sequence 
as follows: sense, 5'- BCC CAC GGA AAA UUU GAG 
UCT TB-3'; antisense, 5'-GAC UCA AAU UUU CCG 
UGG GTsT-3'. 



BrdU labeling 

A single BrdU nucleotide was introduced at the 3'-end of 
the antisense strand replacing the penultimate nucleo- 
tide. BrdU-labeled Sirna-027 was made by annealing this 
antisense strand with its complementary sense strand to 
form the duplex. 

Measurement of vegfrl mRNA in Sirna-027 -treated 
HAECs 

HAECs (Cambrex Corp., East Rutherford, NJ, USA) were 
seeded in the 24 inner wells of 48-well plates and grown 
to 60-75% confluence in endothelial cell growth medium 
(EGM-2; Cambrex Corp., East Rutherford, NJ, USA) at 
37°C, 5% CO z . siRNAs were mixed with 100 fi\ Opti- 
MEM (Invitrogen, Carlsbad, CA, USA) without serum to 
a concentration of 125 nM. The siRNA solution was then 
combined 1:1 with a diluted solution of Lipofectamine 
2000 (LF2K; Invitrogen, Carlsbad CA, USA), gently 
mixed, and incubated for 30 min at room temperature 
to allow formation of siRNA/LF2K complexes. The 
diluted LF2K was prepared by mixing 2.0 ji\ LF2K and 
98 ^1 Opti-MEM. For transfection, the EGM-2 was 
aspirated from the cells and replaced with 200 //l of 
Opti-MEM without serum. siRNA/LF2K complexes 
(50 /il/well) were added to treatment wells for a final 
concentration of 12.5 nM, mixed gently, and plates were 
incubated at 37°C, 5% CO z . After 4 h, the transfection 
medium was replaced with 200^1 EGM-2 and plates 
were incubated at 37°C, 5% CO z for an additional 20 h. 
Transfections were performed in triplicate. 

At 24 h after addition of siRNA to cells, total RNA was 
isolated with the Invitek Inviscreen RNA HTS 96-Kit/C 
(Invitek, Berlin, Germany) using the manufacturer's 
instructions. Quantitative RT-PCR was performed in 
ABI Prism 7000 or 7500 Sequence Detectors (Applied 
Biosystems, Foster City, CA, USA) using a Superscript III 
Platinum One-Step qRT-PCR System and RNAout 
Ribonuclease Inhibitor (Invitrogen, Carlsbad, CA, USA) 
to measure vegfrl or vegfrl mRNA and compare it to 
GAPDH mRNA levels for normalization. Reactions 
contained 5 (A RNA in 50 ^L Primers used for vegfrl 
were 5'-GAG CTA AAA ATC TTG ACC CAC ATT G-3' 
(forward) and 5'-CAG TAT TCA ACA ATC ACC ATC 
AGA G-3' (reverse) with 5'-FAM-CTG GGA GCC TGC 
ACC AAG CAA GGA-TAMRA-3' for the probe. For 
vegfrl, primers were 5'-TCT GCC TAC CTC ACC TGT 
TTC C-3' (forward) and 5'-TGA CTG ATT CCT GCT 
GTG TTG TC-3' (reverse) with 5'-FAM-ATG GAG GAG 
GAG GAA GTA TGT GAC CCC A-TAMRA-3' for the 
probe. Primers used for GAPDH were 5'-GAA ATC CCA 
TCA CCA TCT TCC A-3' (forward) and 5'-CGT ACT 
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CAG CGC CAG CAT C-3' (reverse) with 5'-FAM-AGC 
GAG ATC CCT CCA AAA TCA AGT GGG-TAMRA-3' 
for the probe. 

Testing Sirna-027 activity in a lucif erase reporter/HeLa 
cell culture system 

A luciferase reporter plasmid was made by inserting a 
fragment of the human vegfrl gene (nucleotides 326-403) 
between the Xhol and Notl sites of the psiCHECK-2™ 
luciferase reporter plasmid (Promega, Madison, WI, 
USA). Ligation into this site placed the vegfrl target 
sequence in the 3'-untranslated region of the Renilla 
luciferase gene, while the Firefly luciferase control gene 
in the psiCHECK-2 plasmid was unaltered. The insertion 
was confirmed by sequencing in both directions. 

In all, 15 000 HeLa S3 cells were plated in each well of 
a Costar 3603 black 96-well plate (Corning Incorporated, 
Corning, NY, USA) in 75 jx\ Iscove's Modified Dulbecco's 
Medium (Invitrogen, Carlsbad, CA, USA) supplemented 
with 10% bovine calf serum (Hyclone, Logan, UT, USA). 
Plates were incubated overnight at 37°C (5% C0 2 ). The 
reporter plasmid and siRNA were cotransfected into 
HeLa cells using LF2K. Each well received 50 [A of OPTI- 
MEM (Invitrogen, Carlsbad, CA, USA) containing 100 ng 
of reporter plasmid, 0.5 /xl LF2K, and siRNA (0.005-5 nM) 
in a final volume of 125 fil Transfections were performed 
in triplicate. Following transfection, cells were incubated 
as above for approximately 17 h. Renilla and Firefly 
luciferase activities were determined using Dual-Glo 
luciferase reagents (Promega, Madison, WI, USA) ac- 
cording to the manufacturer's instructions. Data were 
acquired on a Luminoskan Ascent luminometer (Thermo 
Labsystems, Helsinki, Finland). The ratio of Renilla:Fire- 
fly luciferase activity was normalized to that observed in 
HeLa cells cotransfected with a control siRNA and the 
reporter plasmid. The IC 50 was determined using 
Kaleidograph software (Synergy Software, Reading, PA, 
USA). 



Testing of Sirna-027 activity in HeLa cell extracts 
HeLa cytosol was prepared as described previously. 21 A 
transcript of human vegfrl (GenBank Accession number 
NM_002019, nucleotides 313-415) was produced by T7 
transcription from a DNA template 22 and 5'-end labeled 
using guanylyl transferase (Ambion, Austin, TX, USA) 
and a- 32 P-GTP (Perkin-Elmer, Boston, MA, USA). Reac- 
tions including HeLa cell extract, 32 P-labeled vegfrl RNA 
target, and 100 nM Sirna-027 were assembled in 50 id by 
the method of Martinez and Tuschl. 21 Reactions were 
incubated at 37°C and aliquots were quenched into two 
volumes of stop buffer (7 M urea, 1 x TBE, xylene cyanol, 
bromophenol blue, pH 7) at 30, 60, 90, or 120 min, 
denatured for 5 min at 95°C, and resolved on a 12% 
denaturing polyacrylamide gel with appropriate mar- 
kers. To generate RNA size markers, the 32 P-labeled 
transcript was subjected to RNase T, digestion under 
denaturing conditions. 23 An RNA size ladder was 
generated by alkaline hydrolysis of the 32 P-labeled 
transcript. 24 The gel was dried and exposed to a 
phosphorimager screen. Results were visualized with 
a Molecular Dynamics Storm 860 phosphorimager and 
analyzed using ImageQuant (Molecular Dynamics, 
Piscataway, NT, USA). 



Assessment of distribution of siRNA in the retina after 
intravitreous or periocular injections 
Mice were anesthetized and given an intravitreous 
injection of 1 id or a periocular injection of 5 id of PBS 
containing 5iig/id BrdU-labeled Sirna-027. Mice were 
euthanized at several different time points after injection 
and eyes were frozen in optimal cutting temperature 
embedding compound (OCT; Miles Diagnostics, Elkhart, 
IN, USA). Frozen sections (10 itm) were fixed in 4% 
paraformaldehyde, and incubated for 2h in a 1:50 
dilution of a rat antibody that specifically recognizes 
BrdU (Serotec, Oxford, UK) in 0.05 M Tris-buffered saline 
(TBS), pH 7.6. Slides were washed and incubated in 
mouse anti-rat IgG conjugated to biotin (Jackson Im- 
munoResearch Laboratories, Inc., West Grove, PA, USA) 
for 90 min at room temperature. Slides were washed and 
incubated with 1:100 avidin D coupled to horseradish 
peroxidase (Vector Laboratories, Burlingame, CA, USA) 
for 45 min. After washing with 0.05 M TBS, slides were 
incubated with 3,3'-diaminobenzidine tetrahydrochlor- 
ide dihydrate to give a brown reaction product. The 
sections were covered with a standard glass coverslip 
and examined by light microscopy. 

Mice with oxygen-induced ischemic retinopathy 
Ischemic retinopathy was produced by a previously 
described method. 25 At postnatal day (P) 7, mice were 
placed in 75 + 3% oxygen for 5 days and then returned to 
room air at P12. Treatments were instituted at P12 and 
consisted of intravitreous or periocular injection of Sirna- 
027 in one eye and injection of vehicle (PBS) or inverted 
control siRNA in the fellow eye. For analysis of vegfrl 
mRNA after siRNA treatment, mice were either given 
a 1 /d intravitreous injection containing 3 jig of Sirna-027 
or inverted control siRNA or a 5 ,ul periocular injection 
containing 7.5 ng Sirna-027 or the inverted control. 
Retinas were harvested on P15 or P17, respectively. For 
analysis of VEGFR1 protein after siRNA treatment, mice 
were given al/tl intravitreous injection containing 5 fig 
of Sirna-027 or inverted control siRNA. Retinas were 
harvested on P15. To assess retinal NV in this model, 
mice were treated at P12 with a 1 /d intravitreous 
injection containing 1 fig of Sirna-027 or inverted control 
siRNA. Retinal NV was measured as described below 
using eyes harvested on P17. 

Measurement of the amount of retinal NV 
Serial sections (10 fim) were cut through the entire eye, 
starting with sections that included the iris root on one 
side of the eye and proceeding to the iris root on the 
other side. Every tenth section, roughly 100 fim apart, 
was stained with biotinylated Griffonia simplicifolia lectin 
B4 (GSA, Vector Laboratories, Burlingame, CA, USA), 
which selectively binds to vascular cells. Slides were 
incubated in methanol/H 2 0 2 for 10 min at 4°C, washed 
with 0.05 M TBS, pH 7.6, and incubated for 30 min in 10% 
normal porcine serum. Slides were incubated for 2h 
at room temperature with biotinylated GSA and after 
rinsing with 0.05 M TBS, they were incubated with avidin 
coupled to peroxidase (Vector Laboratories) for 45 min at 
room temperature. After being washed for 10 min with 
0.05 M Tris buffer, pH 7.6, slides were incubated with 
diaminobenzidine (Research Genetics, Huntsville, AL, 
USA) to give a brown reaction product, and mounted 
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with Cytoseal (Stephens Scientific, Riverdale, NJ, USA). 
Slides were examined with an Axioskop microscope, and 
images were digitized using a 3 CCD color video camera 
and a frame grabber. Image-Pro Plus software was used 
to delineate GSA-stained cells on the surface of the retina 
and their area was measured. The mean of the measure- 
ments from each eye was used as a single experimental 
value. 

Measurement of retinal vegfti mRNA 
Retinas were dissected and total RNA was isolated using 
an RNeasy kit (Qiagen Inc., Chatsworth, CA, USA). After 
quantification of RNA concentration using Gene SpecIII 
(Hitachi, Japan), 1 /zg was treated with DNase I (Ambion 
Inc., Austin, TX, USA) to remove any contaminating 
genomic DNA and cDNA was synthesized with RT 
(Superscript II; Life Technologies, Gaithersburg, MD, 
USA) and 5.0 yuM oligo-d(T) primer. Samples of cDNA 
were aliquoted and stored at -80°C. 

For visualization of mRNA, amplification was per- 
formed using primers specific for vegfrl mRNA: 5'-AAG 
ATG CCA GCC GAA GGA GA-3' (forward) and 5'-GGC 
TCG GCA CCT ATA GA CA-3' (reverse). Titrations were 
determined to ensure that PCR was performed in the 
linear range of amplification. Mouse S16 ribosomal 
protein primers, 5'-CAC TGC AAA CGG GGA AAT 
GG-3' (forward) and 5'-TGA GAT GGA CTG TCG GAT 
GG-3' (reverse), were used to provide an internal control 
for the amount of template in the PCR reactions. In all, 
20 jiL of PCR product was loaded and electrophoresed 
on a 1% agarose gel and visualized using ethidium 
bromide. The gel was photographed using a Kodak Gel 
Logic 200 gel imaging system (Rochester, NY, USA). 

To quantify levels of vegfrl mRNA, quantitative RT- 
PCR was performed and analyzed using the SYBR Green 
I format on the LightCycler rapid thermal cycler system 
(Roche Molecular Biochemicals, Indianapolis, IN, USA). 
Reactions were performed in a 20-^1 volume using the 
FastStart Master SYBR Green I reaction mix (Roche 
Molecular Biochemicals) with 0.5 mM primers and MgCl 2 
concentration optimized between 2 and 5mM. Cyclo- 
philin A was used as a standard for normalization. The 
sequences of the PCR primer pairs used were: VEGFR1, 
5'-CTG CCC TAT GAT GCC AGC AA-3' (forward) and 
5'-ACG CTT CGG TCT TCA GGG AA3' (reverse); 
cyclophilin A, 5'-CAG ACG CCA CTG TCG CTT T-3' 
(forward) and 5'-TGT CTT TGG AAC TTT GTC TGC 
AA-3' (reverse). Murine vegfrl and cyclophilin A mRNA 
were amplified with Pfu Taq polymerase (Stratagene, 
La Jolla, CA, USA), PCR products were purified with a 
gel extraction kit (Qiagen, Chatsworth, CA, USA), and 
mRNA copy numbers were calculated according to the 
Roche quantification technique manual. Standard curves 
for each gene were plotted with quantified cDNA 
template during each RT-PCR reaction. Target gene 
mRNA copy number was normalized to 10 s copies of 
cyclophilin A. 

Enzyme-linked immunoadsorbent assays 
The retinas were removed and placed in 200 lysis 
buffer (50 fi\ 1 M Tris-HCl (pH 7.4), 50 jul 10% sodium 
dodecyl sulfate, 5 jtl 100 nM phenylmethaneculfonyl and 
5 ml sterilized, de-ionized water). Retinas were homo- 
genized by pipetting, sonicated at 4°C for 5 s, and 
centrifuged at 13 K for 5 min at 4°C. The pellet was 



discarded and the supernatant was transferred to a fresh 
tube. The protein concentration of supernatants was 
measured using a Bio-Rad Protein Assay Kit (Bio-Rad, 
Hercules, CA, USA). ELISAs were performed using the 
Quantikine VEGFR1 assay kit (R & D Systems, Minnea- 
polis, MN, USA) using the manufacturer's instructions. 
Serial dilutions of recombinant VEGFR1 were assayed to 
generate a standard curve with the limit of detection at 
125 pg/ml. 

Model of laser-induced CNV 

CNV was generated by modification of a previously 
described technique. 26 Briefly, 4-5-week-old female 
C57BL/6J mice were anesthetized and the pupils were 
dilated with 1% tropicamide. Three burns of 532 nm 
diode laser photocoagulation (75 [xm spot size, 0.1 s 
duration, 120 mW) were delivered to each retina using 
the slit lamp delivery system of an OcuLight GL 
Photocoagulator (Iridex, Mountain View, CA, USA) and 
a hand-held cover slide as a contact lens. Burns were 
performed in the 9, 12, and 3 o'clock positions of the 
posterior pole of the retina. Production of a bubble at the 
time of laser, which indicates rupture of Bruch's 
membrane, is an important factor in obtaining CNV, 26 
so only burns in which a bubble was produced were 
included in the study. Mice were treated with Sirna-027 
by intra vitreous injections on the day of laser (day 1) and 
day 7 or periocular injections on days 1, 4, 7, 10, and 13. 
For intravitreous injections, mice were given 0.5 or 1.5 jig 
of Sirna-027 in one eye and an equivalent amount of 
inverted control siRNA or vehicle in the fellow eye. For 
each periocular injection, mice were given 7.5 /ig of 
Sirna-027 in one eye and inverted siRNA in the fellow 
eye. Mice were euthanized 14 days after laser for 
measurement of the area of CNV at Bruch's membrane 
rupture sites. 

Measurement of CNV area 

The area of CNV at Bruch's membrane rupture sites was 
measured in choroidal flat mounts. 27 Mice were anesthe 
tized and perfused with 1 ml of PBS containing 50 mg/ 
ml of fluorescein-labeled dextran (2x10 s average mw, 
Sigma, St Louis, MO, USA) as described previously. 28 
The eyes were removed and fixed for 1 h in 10% 
phosphate-buffered formalin. The cornea and lens were 
removed and the entire retina was carefully dissected 
from the eyecup. Radial cuts (4-7, average 5) were made 
from the edge to the equator and the eyecup was flat 
mounted in Aquamount with the sclera facing down. 
Flat mounts were examined by fluorescence microscopy 
on an Axioskop microscope (Zeiss, Thornwood, NY, 
USA) and images were digitized using a three-color CCD 
video camera (IK-TU40A, Toshiba, Tokyo, Japan) and a 
frame grabber. Image-Pro Plus software (Media Cyber- 
netics, Silver Spring, MD, USA) was used to measure the 
total area of hyperfluorescence associated with each 
burn, corresponding to the total fibrovascular scar. The 
areas within each eye were averaged to give one 
experimental value per eye for plotting the areas in the 
figures. 

Statistical analyses 

Data are presented graphically as mean+s.e.m. For 
in vivo studies, comparisons between Sirna-027-treated 
and control-treated fellow eyes were analyzed using a 
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two-way analysis of variance or paired {-tests. Each 
animal served as its own control. For in vitro studies, a 
one-way analysis of variance or unpaired f-tests were 
used for comparisons among groups. Data were log- 
transformed for analysis. P-values were not adjusted for 
multiple comparisons; all P-values are two-tailed. 
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Small interfering RNA (siRNA) targeting VEGF effectively 
inhibits ocular neovascularization in a mouse model 

Samuel J. Reich, Joshua Fosnot, Akiko Kuroki, Waixing Tang, Xiangyang Yang, Albert M. Maguire, Jean Bennett, 
Michael J. Tolentino 



F. M. Kirby Center far AfolecularOphthalmology, Department cfOpltthabmlogy, Scheie Eye Institute. University of Pennsylvania, 
Philadelphia, PA 

Purpose: RNA interference mediated by small interfering RNAs (siRNAs) is a powerful technology allowing the silenc- 
ing of mamalian genes with great specificity and potency. The purpose of this study was to demonstrate the feasibility of 
RNA interference mediated by siRNA in retinal cells in vitro and in the murine retina in vivo. 

Methods: siRNAs specific for enhanced green fluorescent protein (EGFP) and murine and human vascular endothelial 
hi VEGI rec igned. In vitro studies in human cell lines entailed modulation of endogenous VEGF levels 
(h igl hemical induced hyi ia. Effects of siRNA treatment on tliese levels were measured by EI..ISA. In vivo 
studies evaluating effects of siRNA on levels of EGFP and VEGF were performed by co-injecting recombinant viruses 
carrying £G/'7 > or hVEGF cDNAs along with the appropriate siRNAs subretinally in mice. Additional studies aimed at 
bio. igpi lu nofei l< enous m VEGF were perfom ngl nduccd cl i J 1 i rizati 1 ) in 
L 1 jkoi tn 01 *k iimcnts weic evaluated ophthalmoscopically. Retinal/choroidal flat mounts were evaluated 
after perfusion with dextran-fluorescein. Alternatively, retinas were evaluated in histological sections or VEGF levels 
were measured in intact eyes using EL1SA. 

Results: Successful delivery of siRNA to the subretinal space was confirmed by observing g ifu 11 educed levels of 
EGFP m eves fi i I CM V.EGFP plusSLrFP-directed siRNA. siRNAs directed a ist M-l ;/•' effectively and 

p. ilk ilh ■ ifu lit h\'poxia-indticed VEGF levels in human cell lines and after adenoviral induced hVEGF transgene 
expressioi 1 vivo, iii idditi n subretinal delivery of siRNA directed against murine l^gf significantly inhibited CNV 
after laser photocoagulation. 

Conclusions: Delivery of siRNA can be used in vitro and in vivo to target specific RNAs and to reduce the levels of the 
specific protein product in the targeted cells. This work suggests that RNA interference has potential for application to 
studies of retinal biology and for the treatment of a variety of retinal diseases, including those involving abnormal blood 
vessel growth. 



RNA interference (RNAi) is a process conserved through- 
out many eukaryotic organisms, in which the presence of 
double stranded RNA (dsRNA) in a cell results in the destruc- 
tion of mRNAs whose sequences share homology to the 
dsRNA. This phenomenon is now being exploited as-a power- 
ful tool for reverse genetics, and shows great promise for thera- 
peutic applications. Elbashir et al. [1] have shown that syn- 
thetic RNAs of 21 and 22 nucleotides in length are able to 
mediate cleavage of the target RNA. These RNAs are termed 
small interfering RNA (siRNA). This group has also shown 
that siRNAs are involved in degrading homologous RNAs in 
mammalian cells [1]. Recently it was demonstrated that RNA 
interference mediated by siRNAs can specifically target se- 
quence from hepatitis C virus in living mice [2,3]. 

Technology that allows the downregulation of expression 
of specific genes expressed in the retina would have numer- 
ous applications ranging from improving our understanding 
of title basic biology of the retina to providing therapy for blind- 
ing diseases. As a first step in evaluating the potential of reti- 
nal deliver,' of siRNA, we selected three target genes for study : 
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the reporter gene, enhanced green fluorescent protein (EGFP) 
and both human (h) and murine (m) vascular endothelial 
growth factor (I'EGF). We designed siRNAs directed specifi- 
cally against these genes and tested their abilities to mediate 
RNA interference in vitro in human cell lines and in vivo in 
mice. The ability of siRNA molecules to silence endogenous 
l^JGFgene expression was also evaluated in an animal model 
for age-related macular degeneration (AMD): the murine la- 
ser-induced model of choroidal neovascularization (CNV) [4] . 
CNV, found in the "wet" form of AMD, is characterized by 
the growth of new blood vessels below the retina. While mul- 
tiple pro-angiogenic proteins may be involved in CNV, VEGF 
has been, shown in both clinical and bench research studies to 
play a critical role in the pathophysiology of this blinding con- 
dition [5-14]. VEGF is known to be upregulated in the laser 
photocoagulation model of CNV [15]. Our studies demon- 
strate that siRNA can be used to downregulate the expression 
of two different genes expressed in the retinal pigment epithe- 
lium (RPE). We also show that siRNA targeting Vegf 'can be 
used to decrease the extent of CNV in the laser photocoagula- 
tion model. These findings suggest that deliver,' of siRNA 
directed against VEGF may be a useful approach with which 
to treat retinal diseases with a neovascular component. 
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METHODS 

siRNA design: Selection of siRNAs was based on the charac- 
terization of siRNA by Elbashir et al [1,16]. An 
hVEGF5.siRNA targeting the sequence 5'-AAA CCU CAC 
CAAGGC CAG CAC- 3' was selected. This siRNA consisted 
of an RNA duplex containing a sense strand 5'-ACC UCA 
CCA AGG CCA GCA CdTdT-3' and an antisense strand 5'-G 
UGC UGG CCU (JGG UG A GGUdTdT-3'. For rescue of the 
CNV model an siRN A was designed that targets mouse Vegf 
mRNA at the sequence 5'- A AC GAU GAA GCC CUG GAG 
UGC-3'. The sense strand of this molecule, m Vegf 1 .siRNA, 
was 5'-CGA UGA AGC CCU GGAGUG CdTdT-3' and the 
antisense strand was 5'-GCA CUC CAG GGC UUC AUC 
GdTdT-3'. The siRNA used to downregulate EGPP expres- 
sion targeted the following se iuen< i \aEGFP mRNA: 5'-GGC 
UAC GUC CAG GAG CGC ACC-3'. The sense strand of this 
molecule, EGFP1. siRNA, was 5'-P GGC UAC GUC CAG 
CGC ACC-3' and the antisense strand was S'-P U GCG CUC 
CUG GAC GUA GCC UU-3' (Pre- synthesized control siRNA 
green fluorescent protein duplex, Dharmacon Research Inc 
(Lafayette, CO)). The EGFP1 .siRNA was also used as a con- 
trol for studying the effects of hVEGF5. siRNA and 
mVegfl .siRNA. All synthetic RNA sequences were synthe- 
sized and purified by Dharmacon Research, Inc. 

Preparation of recombinant adenoviruses: Serotype 5, 
El-deleted replication defective adenovirus vectors were pre- 
pared and used as described [17,18]. Transgenes were driven 
by the cytomegalovirus (CMV) promoter. The viruses were 
prepared in human embryonic kidney '293' cells, purified by 
double CsCl density gradient centrifugation and stored in 1 0% 
glycerol at -70 °C prior to use. 

siRNA transfection and hypoxia induction in vitrp: Hu- 
man cell lines (human embryonic kidney '293' and HeLa cells, 
ATCC, Manassas, VA) were seeded into 24 well plates one 
day prior to transfection. At the time of transfection with 
siRNA, the cells were about 50% confluent in 250 ul of com- 
plete DMEM medium. Transfections of siRNA (at 13 nM) 
were performed in all cells lines using the Transit TKO Trans- 
fection reagent (Minis, Madison, WI; using guidelines pro- 
vided by the manufacturer). Controls included transfection 
reagent lacking siRNA, and nonspecific siRNA 
(EGFP1 .siRNA). 24 h after transfection, hypoxia was induced 
in the cells by the addition of desferrioxamine to a final con- 
centration of 130 mM in each well as described [19]. 48 h 
post transfection the supernatant was removed from all wells 
and a human VEGF ELISA (R & D systems, Minneapolis, 
MN) was perfonned on the cell supematants as described in 
die Quantikine human VEGF ELISA protocol. ELISAresults 
were read on a Wallac Victor2 ELISA plate reader (Perkin 
Elmer Life Sciences, Inc., Boston, MA). Experiments were 
repeated four times using 293 cells and three times using HeLa 
cells. The Student's t-test was used for statistical analysis us- 
ing the combined data from each of the replicates. 

In vivo studies and tissue analysis: Animal experiments 
were performed in accordance with institutional guidelines for 
the care and use of animals in research. Both adenovirus and 
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siRNA were delivered subretinally to five adult C57B1/6 mice 
(Jackson Labs, Bar Harbor, ME) as described previously [17]. 
The mixture injected contained about lxl 0 s particles of 
Ad.CMV.EGFP, generously provided by Dr. J. Wilson (Dept. 
of Medical Genetics, University of Pennsylvania), and 20 pi- 
comoles of EGFP1. siRNA conjugated with transit TKO re- 
agent (Mirus). As positive control., contralateral eyes received 
a mixture containing the same amount of Ad.CMV.EGFP and 
20 picomoles of hVEGFS. siRNA conjugated with transit TKO 
reagent (Mirus). Production of EGFP was detected by oph- 
thalmoscopy 48-60 h after injection as described [20]. Ani- 
mals were sacrificed and the eyes were enucleated and fixed 
in 4% paraformaldehyde. Eyes were prepared as either flat 
mounts (4 animals/8 eyes) or as 10 um cryosections for fluo- 
rescent microscopy (1 animal/2 eyes). Microscopic examina- 
tions were perfonned with a Zeis i i 1 clii mi 
croscope and with a Leica DMR microscope (Wetzlar, Ger- 
many) equipped with epifluorescence illumination. Images 
were captured using a Hamamatsu CCD camera (Hamamatsu 
Photonics, Bridgewater, NJ) using OpenLab 2.2 software 
(Improvision, Boston, MA). 

Inhibition of human VEGF in vivo: Ad.CMV.hVEGF. 
generously provided by Dr. M. Herlyn (Molecular and Cellu- 
lar Oncogenesis, University of Pennsylvania), was injected 
subretinally and bilaterally in eyes of five C57B1/6 mice. One 
eye of each animal was co-injected with mVegfl .siRNA and 
contralateral eyes were co-injected with EGFP1. siRNA as 
control. Two days later, eyes were snap frozen in liquid N 2 
following enucleation. All eyes were homogenized in lysis 
buffer (Roche, Basel, Switzerland) and total protein was mea- 
sured using a Bradford assay. The samples were all normal- 
ized for total protein prior to assaying for human VEGF by 
ELISA. The ELISA was perfonned according to the manu- 
facturers recommendations (R&D systems). 

Laser induced CNV model studies: Adult (8-15 week old) 
female C57B1/6 mice (n=30) were anesthetized with aveitin 
(2,2,2 -tribromoethanol) and pupils were dilated with 1% 
tropicamide. Laser photocoagulation was perfonned bilater- 
ally using a diode laser photocoagulator (IRIS Medical, Moun- 
tain View, CA) and slit lamp system with a cover slip as a 
contact lens. Laser photocoagulation (140 mW, 75 um spot 
size, 0.1 s duration) was applied to the 8 and 1 0 o'clock posi- 
tions in the right eye and 2 and 4 o'clock positions in the left 
eye, 2 to 3 disk diameters from the optic nerve. Since the rup- 
ture of Bruch's membrane is necessary to create significant 
CNV [4], bubble fonnation at the time of photocoagulation 
was used as an indication of the rupture of Bruch's membrane. 
Laser burns that did not induce a rupture in Bruch's mem- 
brane were excluded from the study. Lesions in which two 
laser spots became confluent were also excluded from the 
study. 

Approximately 36 h after laser treatment, siRNA was de- 
livered to both eyes by subretinal injection. A mixture con- 
taining about 1x10 s particles of Ad.CMV.LacZ, generously- 
provided by Dr. J. Wilson, and 20 picomoles of mVegfl .siRNA 
conjugated with transit TKO reagent (Mirus) was injected. As 
control, contralateral eyes received a mixture of the same 
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molecules except that mVegfl. siRNA was replaced with 
EG.FP1 .siRNA. Two weeks after laser photocoagulation, ani- 
mals were perfused with high molecular weight dextran-fluo- 
rescein (Molecular Probes, Eugene, OR) to label the retinal/ 
choroidal vasculature and eyes were harvested. The area of 
CNV was measured in choroidal Hat mount preparations by a 
masked individual using modifications of methods described 
previously [4,21 ]. These modifications are as follows: Micro- 
scopic examinations were performed with a Leica DMR mi- 
croscope (Wetzlar, Germany ) equipped with epifluorescence 
illumination. Lesions in the dextran-fluorescein-perfused flat 
mount preparations were identified as circular fluorescent 
(fluorescein positive) areas corresponding with the area pre- 
viously exposed to the laser light. Images of the lesions were 
captured using a black and while Hamamatsu CCD camera 
(Hamamatsu Photonics, Bridgewater, N.T) coupled to a Apple 
Macintosh G4 computer (Cupertino, CA) equipped with 
OpenLab 2.2 software. Images for calibration were obtained 
from a slide with a grating of blown size. The hyperfluorescent 
fluorescein-dextran labeled blood vessels within the area of 
the laser bum were selected as a "region of interest" (ROI) 
using Openlab software and this software was used to calcu- 
late the area (urn' 2 ) occupied by the white pixels in the ROIs. 
The ROIs were selected after collecting the images under iden- 
tical integration settings. They were selected by using the 
Openlab "magic, wand" tool to identify pixels in the laser bum 
site at a range of 2000-4090 intensity units. (The intensity units 
are defined within the Openlab software. The units selected 
represented levels measured in normal fluorescein-perfused 
vasculature. For reference, the intensity of background, non- 
fluorescent, areas was <450 intensity units.) The ROIs were 
generally well-circumscribed by a region lacking fluorescence. 
After measuring the areas of CNV, images were colorized in 
Openlab by applying an intensity ramp at 515 ran (the wave- 
length at which the image data were captured) using the "Ap- 
ply wavelength" function. This intensity ramp was applied to 
all of the pixels in the image and made the whitest pixels the 
brightest green color. The images were then exported to Adobe 
Photoshop software for presentation purposes. Situations in 
which there was no evidence of a laser bum after bright field 
analysis of choroidal flatmounts were excluded. Statistical 
analysis of the results was performed using a one-tailed distri- 
bution, two sample unequal variance Student's t-test. 

RESULTS 

Hypoxia-induced upregulation of human VFGF is halted by 
siI\NA application in vitro: The ability of hVEGF5. siRNA to 
target human VEGF mRNA was tested in vitro in a system 
whereby exposure to desferrioxamine results in the induction 
of hypoxia-signaling events. That, in turn, induces VEGF ex- 
pression [19], 

Prior to hypoxia induction, two different human cell lines 
(embryonic kidney ["293"] cells and ovarian carcinoma [HeLa] 
cells) were transfected with hVEGF5.siRNA. As control, ad- 
ditional cells were transfected with an siRNA (EGFP1 .siRNA) 
designed to target the reporter gene, EGFP, or with buffer 
alone. WAIF upregulation occurs due to a desfenioxamine- 



mediated induction of the HIF-1 hypoxic signaling pathway 
wiuiin 24 h [19]. To upregulate VEGF via this method, cells 
were exposed to desferrioxamine 24 h post-transfection. A 
human VEGF ELISA was performed on cell supernatants 24 
h after desferrioxamine withdrawal in order to measure the 
effects of siRNA treatment on hVEGF levels. The hypoxia- 
mediated increase in h VEG F protein was reduced significantly 
in the presence of hVEGFS. siRNA (Figure 1). Exposure to 
the non-specific siRNA (EGFP 1 .siRNA) or to buffer lacking 
siRNA had minimal effect on hVEGF levels. EGFP I .siRNA 
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Figure l.RNA interference disruptsde i i i induced up-iegu- 
lation of VEGF in vitro. The hVEGFS. siRNA or control reagents 
were transfected into 293 cells (A) and Hela cells (B) prior to induc- 
ing hypoxia with desferrioxamine. VEGF levels were measured in 
cell supernatants by ELISA 24 h after hypoxia induction. Hypoxia 
induced VEGF expression. In both 293 cells and HeLa cells, expo- 
sure to hVEGFl. siRNA reduced the amount of VEGF produced af- 
ter hypoxia (p<0.01 for both cell types). There was no significant 
difference in the amount of VEGF produced by hypoxic cells when 
control reagents (EGFP1. siRNA) or no siRNA were delivered. The 
error bars represent the standard errors of the mean of 4 or 3 repli- 
cates, respectively, for the 293 and HeLa cells. 
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Figure 2. Effect of 
EGFPl.siRNA on EGFP ex- 
pression in RPE cells in vivo. 
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was detectable in the 
uninjected portions of these 
retinas. In comparison, high 
levels of EGFP were present 
in the region of injection in 
flat mounts (B) or 
cryosections (D) of eyes ex- 
posed to the control 
hVEGFS.siRNA. Arrows 
point to boundaries of injec- 
tion blebs. Sections within 
the regions demarcated by 
the arrows in panels A and B 
are shown in panels C and D, 
respectively. 



had no significant inhibitory effect on 
hVBGF after exposure to hypoxic conditions in both 293 cells 
(Figure 1 A; p=0.22) and HeLa cells (Figure lB;p=0.15). There 
was no significant difference in hVEGF levels comparing 
normoxic and hypoxic, hVEGFS.siRNA-treated 293 cells 
(p=0. 17). Human VEGF levels were significantly lower in tire 
hypoxia plus hVEGF5.si.RNA-treated cells than in cells treated 
with normoxia alone (p<0.01). 

The ability to down-regulate VEGF production with an 
siRNA in vitro prompted us to explore the in vivo application 
of siRNA in the retina. 

In vivo delivery of siRMAs to murine retinal pigment epi- 
thelial cells: Retinal pigment epithelial cells are thought to 
be the cells that, through abnormal VEGF production, initiate 
the process that leads to pathologic neovascularization (i.e. 
CNV) in AMD [ 1 2- 1 4] . To determine whether siRN As can be 
effectively delivered to the RPI vvc p I T GFP in those 
cells in vivo using a recombinant adenovirus, a virus that tar- 
gets these cells efficiently and nearly exclusively after 
subretinal injection in adult mice. Recombinant adenovirus 
also results in a rapid onset of transgene expression [17,22]. 
In this system, we tested the possibility that EGFPl.siRNA 
would reduce levels of EGFP protein. Five mice received bi- 
lateral subretinal injections with Ad.CMV.EGFP, an E1/E3- 
deleted recombinant adenovirus delivering the EGFP cDNA 
driven by die CMV promoter. In the right eyes EGFP1 .siRNA 
was also injected and in the contralateral eyes an siRNA unre- 



lated to EGFP (hVEGFS.siRNA) was injected as a non-spe- 
cific control. Ophthalmoscopy was performed 48 h post in- 
jection, the time at which adenovirus-mediated transgene ex- 
pression in this system is maximal [17]. Ophthalmoscopy in- 
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Figure 3. RNA interfeience _ intl iminishes levels of hVEGF 
in vivo. Ad.CMV.hVEGF was delivered by subretinal injection bi- 
laterally in 5 animals in the presence of either hVEGFS.siRNA or, in 
contralateral eyes, EGFP1 .siRNA as control. Animals were sacrificed 
48 h post-injection, and the eyes were removed and processed for 
VEGF ELISA. Bars represent the means, the error bars represent the 
standard errors of the mean. Injection of hVEGFS.siRNA results in 
significant reduction in levels of hVEGF compared to injection of 
EGFPl.siRNA (p<0.0013). 
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dicated that levels of EGFP were significantly lower in 4 of 
the 5 eyes co-injected with EGFP1 .siRNA compared to the 5 
eyes co-injected with hVEGF5.siRNA (not shown). The mice 
were sacrificed 48-60 h post-injection, and the eyes were har- 
vested and evaluated for presence and amount of EGFP by- 
inspection of retinal flat mounts and histological preparations. 
Figure 2A,B is representative of the flat mount results. There 
were only low levels of EGFP- specific fluorescence in whole 




mount preparations of the eyes that had received 
EGFP1 .siRNA (Figure 2 A) whereas EGFP was intensely fluo- 
rescent in retinas co-injected with hVEGFS. siRNA (Figure 
2B). Uninjected portions of the eyes showed only background 
levels of fluorescence. Histological analyses revealed faint 
levels of EGFP in occasional cells of the injected portions of 
the retinas co-injected with EGFP 1. siRNA (Figure 2C) but 
high levels of EGFP in the analogous regions of the contralat- 
eral eyes co-injected with hVEGFS. siRNA (Figure 2D). 

Adenavira t m isioi ofhw an \ EGF \ kneed by siRNA 
in murine retina in vivo: Having demonstrated delivery of 
siRNA to RPE cells and significant diminution in levels of a 
marker protein, we sought to inhibit expression of a biologi- 
cally relevant molecule in the retina in vivo. VEGF is an ideal 
candidate as Oris molecule is known to play a significant role 
in retinal neovascular disease [8-11]. Ad.CMV.hVEGF was 
used leliver/ Gi h iru in i 1 'i' phai n il- 
logical levels of hVEGF and is capable of producing CNV 
when injected in the subretinal space [23,24]. 

One eye of each of 5 animals was co-injected with 
Ad.CMV.hVEGF and hVEGF5.siRNA while contralateral eyes 
were co-injected with Ad.CMV.hVEGF and EGFP1 .siRNA 
as control. The animals were sacrificed 60 h post-injection 
and the eyes were processed for a human VEGF ELISA. There 
was a significant attenuation of VEGF levels in eyes mat had 
received hVEGFS. siRNA as compared to the control 
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Figure4. The extent of CNV is significantly reduced after subretinal deliver)' of m Vegfl .siRNA. Thirty-six hours following laser photocoagu- 
lation, m Vegfl. siRNA was delivered subretmally in one eye of each of 30 mice. Contralateral eyes were injected with a control (EGFP1) 
siRNA. Animals were perfused with dextran-fluoresceiii and the areas of CNV were measured in choroidal flat mounts 14 days after laser 
treatment. There is a significant difference (p<0.003) in mean areas of CNV between eyes injected with m Vegfl .siRNA versus EGFP1. siRNA 
(panel A). Representative areas of CNV in eyes of a dextran-fluorescein-perfused animal that had received EGFP1. siRNA in one eye but 
m Vegfl .siRNA in the other are shown in the colorized panels B and C, respectively. The CNV lesions were generally well-circumscribed by 
a region lacking fluorescence (as in panel B). CNV was identified by observing dextran-fluorescein-filled blood vessels on the choroidal/ 
retinal interface, which are normally absent. 
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EGFPl.siRNA (Figure 3). The data demonstrate that the 
hVEGF siRNA is effective in decreasing levels of hVEGF in 
murine RPE cells in vivo. 

Inhibition of choroidal neovascularization using .siRNA 
directed at murine Vegf: To determine whether siRNA can 
inhibit CNV in an animal model, we tested the effects of de- 
livery of an siRNA directed against murine Vegf 
(m Vegf 1 .siRNA) in a laser induced model of CNV. We deliv- 
ered m Vegfl .siRNA by subretinal injection to the RPE of mice 
36 h after laser treatment. The areas of m Vegfl .siRNA injec- 
tion encompassed all of the laser spots as well as untreated 
retina adjacent to these spots. Contralateral eyes received 
siRNA targetin HGJ (E il-'Pl .siRNA) as control. The mice 
were perfused with dextran-fluorescein 1 4 days after the laser 
treatment, the time of maximal neovascularization, and the 
areas of neovascularization were measured using digital im- 
age capture around the burn spots. The majority of lesions 
(75% for the EGFP1 .siRNA-treated eyes and 80% for the 
Vegf l.siRN A- treated eyes) met the criteria for analysis (see 
Methods). The locations of these neovascular areas exactly 
coincided with the sites initially exposed to laser. 
Neovascularization was not observed in portions of the retina 
that had not been exposed to laser. The areas of 
neovascularization in animals that received m Vegfl. siRNA 
were, on average, one quarter of the area of tire control-treated 
spots (Figure 4, p<0.003). These data show that siRNA target- 
ing mVegf 'is capable of inhibiting CNV in the laser photoco- 
agulation model. 

DISCUSSION 

The data presented here represent the application of a tech- 
nology to inhibit expression of genes in the retina, specifi- 
cally to inhibit tire expression of VEGF. To our knowledge, 
the data presented here describe the first successful applica- 
tion of siRNA to the retina. siRNA was used to significantly 
decrease levels of exogenous expression of transgenes both in 
vitro and in vivo. Results shown here from in vitro studies 
using siRNA directed against VEGF revealed a significant 
reduction in the amount of VEGF protein produced under hy- 
poxic conditions. Even more impressive due to the high lev- 
els of protein produced after delivery of recombinant aden- 
ovirus, siRNA directed against VEGF significantly reduced 
VEGF protein levels after delivery of Ad.CMV.hVEGF in vivo. 
Finally, a test for relevance of PEGF-directed siRNA towards 
human retinal disease comes from studying its effect in an in 
vivo model of CNV. In accord with the in vitro and the in vivo 
Ad. CM V. h VEGF data, application of a T'fcgf-directed siRNA 
significantly reduced the extent of neovascularization in (lie 
murine laser photocoagulation model of CNV. The results pro- 
vide an encouraging first step in application of siRNA tech- 
nology to the retina. 

As with any new technology, the data from the siRNA 
studies presented here invite many questions. For example: 
how can this technology be applied to other (non RPE) retinal 
cell types? While these data demonstrate delivery of functional 
siRNA to tire RPE they do not explore delivery of the mol- 
ecules to other retinal cells. Subretinal delivery of adenovirus 



efficiently targets the RPE and occasional Miiller cells, but 
not other layers of the adult retina [17]. Because the reporter 
protein was only expressed in tire RPE we cannot currently 
assess the delivery of siRNA to other retinal cell types. We are 
currently employing other assays to address efficient delivery 
to the photoreceptors, Miiller cells and ganglion cells. What is 
the stability of the effect? Is there any toxicity induced by the 
delivery or the composition of the siRNAs? Although there 
ii ilati ldenccof acute toxicil i m 11 n im 

ber of samples we evaluated, it will be important to formally 
evaluate both acute and chronic toxicity of tire treatment/siRNA 
in a larger number of eyes, [n the case of laser photocoagula- 
tion/CNV, how efficacious is the effect of VEGF.siRNA when 
it is administered at different stages of the disease? Will siRNA- 
mediated therapy be effective in other animal models of reti- 
nal neovascularization? VEGF siRNA-mediated rescue of ad- 
ditional models of ocular neovascularization such as (lie mu- 
rine retinopathy of prematurity model [25] and models in larger 
animals are currently being studied in pursuit of answers to 
these questions. 

The stability of the siRNA-induced interference effect on 
retinal cells is unknown at present. Experiments in progress 
aim to characterize the timecourse and magnitude of the ef- 
fect after siRNA transfection. If this effect is found to be short- 
lived, there are other modifications that could be used to 
achieve a more sustained effect. For example, the combina- 
tion of siRNA technology with recombinant viral vector tech- 
niques is a particularly promising avenue. Virus-mediated 
deliver}- of siRNA would allow delivery of therapeutic siRNA 
molecules that are replenished over time. Regardless of the 
mode of delivery, the potential of siRNA for contributing to a 
diverse set of applications is exciting. The possibilities range 
from using this technology to define developmental and physi- 
ological processes in the retina to testing approaches that might 
result in therapy for a diverse set of ocular diseases, including 
those involving ocular neovascularization. 
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RNA interference targeting transforming growth facto r-P type II 
receptor suppresses ocular inflammation and fibrosis 
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Purpose: Transforming growth factor-p (TGF-P) is an important mediator of wound healing responses. In the eye, TGF- 
p activity lias b ini| i i corneal haze al r laser surgery and subconjunctival scarring following glau- 

coma surgery. The purpose of the study was to determine whether small interference RNAs (siRNAs) targeting the type II 
receptor of TGF-p (TpRII) could be used to suppress the TGF-P action. 

Methods: TpRII specific siRNAs designed from the human gene sequence were translected into cultured human corneal 
fibroblasts. The protein and transcript levels of the receptor were determined by immunofluorescence, western blotting, 
md real timcP mmunofluorcsccn i mmnnobloUing in 1 out 1 amii fibroix tin cmbl ^ ind 

closure assay was used to assess cell migration in in vitro fibroblast cultures. In addition, the in vivo effects of TpRII 
siRNA were evaluated in a mouse n focula i I n tion nd fil sis ge rat lis ib( njimctival ii tion < 

phosphate bull 1 ine ai i late\ beads. Mouse TpRII i t I imental eyes. Cellularity on 

I. ue tion ; h 1ec I'tei la n igi ith lera to ylin and >sin ' ollag idep in m v is visualized by picrosirius 
red staining. 

Results: TpRII R) sal tied the receptor transcript and protein expression in cultured corneal fibroblasts. The gene 
knockdown inhibited fi n tin as mblj and retarded cell migration. In the mouse model, introduction of TpRII spe- 
cific siRNA significantly reduced the inflammatory response and matrix deposition. 

Conclusions: TpRII specific siRNAs were efficacious both in vitro and in vivo in knocking down the TGF-P action. A 
direct application of siRNA into eyes to downregulate TPRII expression may provide a novel therapy for preventing 
ocular inflammation and scarring. 

Transforming growth factor-p (TGF-P), a family of struc- been shown to be important in ocular scarring in conditions 

turally related multifunctional cytokines, has wide biological including proliferative vitreoretinopathy [11], cataract forma- 

actions including cell growth, differentiation, apoptosis, and tion[12],comealopacities[13],andsubconjunctivalscaning, 

ftbrogenesis [1-3]. TGF-P typically is secreted in a latent form a complication of filtration surgery in glaucoma [14,15]. TGF- 

and is activated through a complex process of proteolytic ac- (3 also has been implicated in choroidal neovasculaization 

tivation and dissociation of latency protein subunits [4].' The [ 1 6, 1 7] . 

action of TGF-P is mediated by TGF-P receptors types I (TpRI) In glaucoma filtration surgery, postoperative scarring at 
and II (TpRII), both of which are serine and threonine kinases. the wound site is a critical determinant of the surgical out- 
Signal transduction is initiated by TGF-P binding to TpRII, come [18,19]. Although anti-scarring agents such as mitomy- 
followed by its association with TpRI [4]. TpRII phosphory- cin C and 5-fluorouracil can prevent post-operative scarring 
lates multiple serines and threonines in the TTSGSGSGSG and improve surgical outcome [20,21 ], they do so by causing 
sequence of the cytoplasmic region of TPRI [4] . The activated widespread fibroblast eel 1 death and are associated with se- 
TpRI in turn phosphorylat.es and activates the transcription vere and potentially blinding complications [22,23], The im- 
factors, Smads [4,5]. portant role of TGF-P in the wound repair has led to other 
TGF-P has emerged as a key mediator of the fibrotic re- strategies [15] such as the use of anti-TGF-p antibody [24,25] 
sponse to wounding. It is upregulated during different types and antisense oligonucleotides [26] to block the TGF-P ac- 
of wound healing in the eye, liver, and skin [3,6-8]. Of the lion. These studies have, in general, targeted the ligand rather 
three human isoforms (TGF-P 1 , TGF-p2, and TGF-f>3), TGF- than the receptor. 

p2 is the predominant form in the eye [9,10]. TGF-ps have In the cunent study, we used the RNA interference (RNAi) 
~ ! ; ~ ~ " - strategy to target the TGF-P pathway. Gene silencing is a pro- 
Correspondence to: Dr. Beamee Yu^ Departmeju ot Ophthalmol- cess destruction 

ogy and Visual •> icnci Unn rsiu rflllmoisatt hicago 1855 West . . , rf: T 

Taylor Street, Chicago, IL, 60612; Phone: (312)996-6125; FAX: (312) of mRNAs sharing the same sequence. RNAi is initiated by 

996-7773; email: Beatyue@uic.edu the conversion of double stranded RNA into 21-23 nucleotide 
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fragments, teraied small interfering RN As (siRNAs), that di- 
rect the degradation of the target RNAs [27-29]. siRNAs have 
been shown to be of great value in knocking down genes in a 
variety of biological systems [30-32]. 

Since the ligand engagement by TpRII appears to be a 
major limiting step in cellular activation, \vc designed siRNAs 
targeting this receptor. In experiments described herein, the 
siRNAs induced a marked reduction in the TGF-pmediated 
matrix deposition and retarded the migration of cultured hu- 
man corneal fibroblasts. In addition. siRNA specific tor 1'pRl 1 
was shown in an in vivo mouse mode! to reduce inflammation 
and the complications of wound repair in the eyes. 

METHODS 

ell > Norm i i rn from mors aged 13. 

29, 34, 45, and 47 years were obtained from the Illinois Eye 
T ' 1 (' I i _ 1 i li i i i iii ; i] j ii ul 

by the Institutional Review Board at the University of Illinois 
at Chicago in compliance with the declaration of Helsinki. 
Corneal fibroblasts were derived from the stromas isolated 
from the corneas. The cells were maintained in serum con- 
taining media as previously described [33]. 

TfSUI siRNA sequences: siRNAs were derived from the 
coding sequence of the human TpVRII gene (M85079). The 
siRNA selection was based on the program at Ambion (Aus- 
tin, TX), choosing 2 1 nucleotide sequences that start with A A 
and have a 30 to 70% GC content. Sequences identified were 
BLASTed against the Genbank database. Four sequences that 
cover different regions of the T (51 i i i ' i 

tain no homology to the non-T(i.RII sequence were custom 
synthesized by Dharmacon Research (Lafayette, CO). The 
target sequences (5' to 3') and the siRNA duplexes for these 4 
siRNA duplexes, designated as h"f 1, hT2, hT3, and hT4, are 
shown in Table 1 , with the position of the first nucleotide in 
the human TpRII sequence shown in parentheses. 

In addition, a nonspecific, scrambled siRNA duplex 



Table 1. Target and duplex sequences for TbRII specific 
siRNAs 



duple* Species T&RII sequence IS'-)'! siHOl (iuplex sequen 




Four siRNAs, designated as hTLli'l 2 liH ind il i lesigned 
from the coding sequence of the iuiii i i I'pRil gene I he target se- 
quences (5'-3') and the siRNA duplex sequences are listed, with the 
position of the first nucleotide in the human TpRII sequence shown 
in parentheses. siRNA from the similar region as hTl of the mouse 
TpRII sequence was also designed and the target sequence of the 
mouse Tl (mTl) siRNA is shown. There is one nucleotide differ- 
ence (small letter) between the human and mouse TpRII sequences. 
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(Scramble II duplex), used as a control, and a Cy3 labeled 
luciferase GL2 duplex, used to determine, optimal conditions 
for siRNA transection, were purchased from Dharmacon. 
siRNA from the similar region as hTl of the mouse TpRII 
sequence (AF406755), was also synthesized and tested for 
efficacy in vivo in an inflammatory/fibrosis mouse model. The 
target sequence of the mouse IT (mTl) siRNA is shown in 
Table 1 . There is one nucleotide difference (small letter) be- 
tween the human and mouse TpRII sequences 

Trmisfe.cli iqfsii upi Normal human corneal 
fibroblasts were transfected with TpRII specific siRNA du- 
plex (25 ^ n 1 00 oi 200 i.Mfin ncentrati i) or scrambled 
(control) siRNA ( 1 00 or 200 nM) using TransIT-TKO reagent 
(Takara Mirus, Madison, WI), following the manufacturer's 
protocol. The cells were harvested 16, 24, 48, or 72 h after 
transfection for analyses. Also as controls, corneal fibroblasts 
were either untreated or treated only with TransIT-TKO. 

Immunofluorescence staining: After transfection, cells 
were fixed in 2% formaldehyde, permeabilized with 0. 1 % 
Triton X-100, and stained with rabbit anti-TPRII antibody 
(1:100, SCI 700; Santa Cruz Biotechnology, Santa Cruz, CA) 
and FITC conjugated goat anti-rabbit IgG (1:250; Southern 
Biotechnology, Birmingham, AL). The nuclei of the cells were 
counterstained with 4',6'-diamidino-2-phenylindole 
dihydrochloride (DAPI). To observe the fibronectin network, 
cells were fixed in cold methanol, and immunostained with 
rabbit anti-human fibronectin (1 TOO; BD Biosciences, Lex- 
ington, KY) and FITC-goat anti-rabbit IgG (1:200; Jackson 
ImmunoResearch, West Grove, PA). 

Western blotting: After siRNA transfection, corneal, fi- 
broblasts were lysed in a Triton lysis buffer. Equal amount of 
protein (20 ug/lane) was resolved on a 10% sodium dodecyl 
sulfate (SDS)-polyacrylamide gel. The proteins were then 
transferred to nitrocellulose membranes for probing with rab- 
bit anti-TPRII antibody (1.T000) and horseradish peroxidase 
(HRP) conjugated goat anti-rabbit IgG (1:5000; Jackson 
ImmunoResearch). Signals were detected by chemilumines- 
cence and analyzed by densitometry. 

For secreted fibronectin, cells (48 h after transfection) 
were incubated with serum-free media for 24 h. After normal- 
izing against the protein content in cell lysates, equal aliquots 
of media samples were electrophoresed on 1 0% SDS poly- 
acrylamide gels under reducing conditions. Immunoblotting 
was perfonned using rabbit anti-human fibronectin (1:5000) 
and HRP-goat anti-rabbit IgG (1:10,000; Jackson 
Im munoResearch). 

Real time PCR: Total RNA was extracted with Trizol 
(Invitrogen, Carlsbad, CA) from cells 48 and 72 h after trans- 
fection. RNA (100 ng) was converted into cDNA using the 
Thermoscript RT-PCR system (Invitrogen) with oligo dT and 
random hexamers. 

Primer pairs for the TpRII gene were as described [34]. 
PCR amplification was performed using a Cepheid 
SmartCycler. The PCR mixture contained cDNA, Ex Taq R- 
PCR polymerase (Takara Minis), 3 mM MgCl 2 , dNTP, SYBR- 
Green (Molecular Probes, Portland, OR), and 0.5 uM of each 
gene specific primer. To normalize samples, real time PCR 



reactions containing primers for 18S rRNA (number 1717, 
Ambion) were also performed. Amplification of PCR prod- 
ucts was monitored via intercalation of SYBR-Green. A no 
template control and a no reverse transcription control were 
included. Agarose gel electrophoresis was used to verify that 
the TjiRl! PCR product was of the correct 75 bp size and that 
no primer dimers were formed. The C values were normal- 
ized to 18S rRNA to obtain a mean, nonnalized TftRII value 
using the Q-gene software (Version I ! as previously described 
[35].' 

Cell migration assay: Coi ileal i tbrublnsts alter transtec- 
tion were scratched with a sterile P20 pipet lip [36]. The mi- 
gration of cells into the wound was examined by phase con- 
trast microscopy 7 h after wounding. Tola! area of the wound 
in each lOx field and the area covered by the migrating cells 
within the wound were measured using an Image Processing 
Tool Kit (Version 3.0; Reindeer Graphics, Asheville, NC). At 
least 10 fields were analyzed and the mean percentage of 
wound area covered by cells was calculated. Student's t test 
is used for the si; tical analvsi 



Mouse model of sub n tiva inflammation and fibro- 
sis: The experimental protocol was approved by the animal 
care committee at the University of Illinois at Chicago. Ani- 
mal care guidelines comparable to those published by the US 
Public Health Service were followed. C5713L6 mice under- 
went general anesthesia with intraperitoneal injections of 
ketamine and xylazine. The subconjunctival scarring model 
was generated similar to that reported previously [37], with 
modifications. Instead of sterile phosphate buffered saline 
(PBS) alone, 30 ul of PBS containing latex beads (1.053 urn 
diameter, 300 ug/ml: Polysciences, Warrington, PA) was in- 
jected to the temporal subconjunctival space of mouse eyes. 
For siRNA effects, the left eyes of mice were injected in a 
masked manner with 30 ul of PBS/beads mixed with 0.1 fil of 
TransIT-TKO and 200 nM m'f l or scrambled siRNA. To serve 
as controls, the left eyes of other mice were uninjected, or 
injected with PBS/latex beads alone or with TransIT-TKO re- 
agent. All the light eyes were untouched. Mice were sacri- 
ficed by cervical dislocation 2, 4, 7, and 14 days after injec- 
tion. At least 4 mice were used for each treatment/time point. 



Figure I. siRNA inhibits TpRIl 
expression. Immunofluores- 
cence analysis of human corneal 
fibroblasts, untreated (A,B), 
treated for 48 h with scrambled 
siRNA (C,D), or with 100 nM 
hTl (E.F) was performed. 
TpRII expression is shown in 

A. C, and E. Staining of nuclei 
with DAPI (blue) is shown in 

B, D, and F. Note the reduction 
in TpRII staining of cells treated 
with hTl siRNA (E) compared 
to control cells (A,C). The mor- 
phology after the siRNA treat- 
ment was somewhat altered. 
The bar represents 10 \im. 
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Enucleated eyes were fixed with 1 0% buffered formalin 
and 5 urn thick paraffin sections were prepared. The sections 
were stained with hematoxy lin and eosin to assess the inflam- 
matory reaction and picrosirius red to demonstrate collagen 



deposition [37] . The number of inflammatory cells in subcon- 
junctival areas in the sections was counted. The value was 
normalized to number of inflammatory cells per 2500 urn 2 
area underneath the conjunctival epithelium. 
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Figure 2. siRNA reduces protein and inRNA levels of TfSRII. A: 
siRNAs suppress TJ3RII protein expression in corneal fibroblasts. 
Total cell lysates from human corneal fibroblasts treated with hTl 
siRNA or control, scrambled siRNA for 48 h were separated on 10% 
SDS polyacrylamide gels and immunoblotted with a TfjRII specific 
antibody. Lane 1 contains lysate from cells incubated with TransIT- 
TKO reagent alone (no siRNA). Lane 2 contains lysate from cells 
treated with 1 00 nM scrambled siRNA. I.,anes 3 and 4 contain ly- 
sates of cells treated with hTl siRNA at a final concentration of 100 
nM (lane 3) or 200 nM (lane 4). In lane 5, the TfSRII antibody was 
preincubated with antigenic peptide before probing the normal cell 
lysate. The TfJRII band is indicated. B: siRNA reduces levels of TfSRII 
transcript. RNA was prepared from cells treated with scrambled 
siRNA or hTl siRNA for 48 or 72 h at either 1 00 or 200 nM concen- 
tration. Following conversion to cDNA, the samples were analyzed 
by real time PCR using primers to TfSRII or 18S rRNA. The bar 
graphs show the mean expression levels of TfSRII transcript normal- 
ized to 18S RNA relative to that of scrambled siRNA treated con- 
trols. Asterisks indicate that the data are significantly different from 
the scrambled controls (p<0.0002, n=3, Student's t test). 



200 nM 100 nM 200 nM 




Figure 3. TfiRII siRNA interferes 
with fibronectin production. Immu- 
nofluorescence analysis of fibro- 
blasts untreated (A), treated for 48 
h with scrambled siRNA (B), 100 
nM hT 1 (C), or 200 nM hTl (D) was 
performed to visualize the 
fibronectin matrix (in green). Nuclei 
stained with DAPI are seen in blue. 
E: The level of fibronectin secreted 
to the culture media was analyzed 
by western blotting. Samples were 
from cultures untreated (lane 1), 
treated with scrambled RNA (lane 
2), or 100 nM (lane 3) or 200 nM 
(lane 4) hTl. The fibronectin (Fn) 
bands are labeled. 
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RESULTS 

Suppression ofTfSRIl protein and mRNA expression: Using 
the TransIT-TKO reagent, we transfecled human corneal fi- 
broblasts with all four siRNAs (hTl -4) designed from the 
human TPRII gene sequence. The cellular uptake of 
oligoribonucleotides was initially determined using a Cy3 la- 
beled luciferase siRNA. The tran fectioi 1 1 leient in that 
greater than 90% of the cells displayed red fluorescence of 
the luciferase siRNA (data not shown). Immunofluorescence 
showed punctate staining of TpRI.1 on the surface of untreated 
control corneal fibroblasts (Figure 1A). The staining was in 
addition observed in the cytoplasm, particularly in the peri- 
nuclear area. When treated with 1 00 nM hTl for 48 h, the 
TpRIl staining intensity was markedly reduced (Figure IE). 
At 100 nM, hT2, hT3,and hT4 likewise suppressed theTpRU 
staining intensity (data not shown). The inhibitory effect was 
also observed to varying degrees for all four siRNAs with other 
concentrations (50 and 200 nM) and time points (24 and 72 
h). This response however was not evident at the lowest con- 
centration (25 nM.) and the shortest time point (16 h) tested. 
Overall, hTl and hT2 resulted in a greater inhibition man h'D 
and hT4. Cells treated with scrambled siRNA (Figure 1C) 
exhibited a similar staining intensity and pattern as the un- 
treated control cells (Figure 1A). 

Western blotting (Figure 2A) yielded a 73-75 kDa band 
immunoreactive to anti-TpRII in the vehicle treated control 
and scrambled siRNA transfected samples. The protein band 
was diffuse as.TPRII is a glycoprotein. At 48 h, 100 and 200 
nM hTl siRNA induced a marked decrease in signal intensity 
for TPRII compared to vehicle or scrambled RNA treated con- 



©2001 Molecular Vision 

trols. Densitometric analysis indicated a 70-85% reduction of 
TPRII expression in the siRNA treated samples. When the 
TPRII antibody was preincubated with the antigenic peptide 
before probing, the immunoreactive band disappeared (Fig- 
ure 2A, lane 5) confirming the specificity of the antibody. 

TPRII transcript levels were examined by real time PCR 
using 18S rRNA to normalize the data. Figure 2B shows the 
mean normalized TpRIl gene expression as detennined by the 
method of Muller et al [35]. Compared to scrambled siRNA, 
hT I at 1 00 and 200 nM reduced (p<().0002) the level of TPRII 
transcripts at both 48 and 72 h time points. There was also a 
dose dependent response as the 200 nM concentration was 
more effective than 100 nM. 

TfiRII siRNA impairs fibronectin assembly and fibronectin 
secretion: Visualized by immunofluorescence, untreated con- 
trol and scrambled siRNA treated corneal fibroblasts exhib- 
ited robust fibronectin deposition and a dense fibrillar net- 
work over cells (Figure 3 A,B). The fibronectin deposition was 
clearly reduced in cells 48 h after transfection with both 100 
and 200 nM of hTl siRNA (Figure 3C,D). Cell densityHvas 
similar in the various specimens and thus the decreased 
fibronectin assembly was not related to reduction in cell num- 
ber. 

Western blotting was earned out to determine whether 
the effect of siRNAs on the fibronectin fibrillogenesis was a 
reflection of decreased fibronectin secretion. Corneal fibro- 
blasts, 48 h after transfection, were incubated in serum-free 
medium for 24 h. Proteins in the media were subjected to elec- 
trophoresis and immunoblotting (Figure 3E). A 220 kDa 
fibronectin band was observed in all samples. Consistent with 




Control Scrambled hT1 

100 nM 200 nM 

Figure 4. TpRII siRNA blocks corneal fibroblast 
migration. Phase contrast micrographs demon- 
strating migration of control cells (A), cells 
treated for 48 h with scrambled siRNA (B), cells 
treated for 48 h with 100 nM hTl (C), or cells 
treated for 48 h with 200 nM hTl (D). White 
dotted lines mark the wound edges. E: Bar graph showing mean percentage of wound area covered by migrating corneal fibroblasts in each 
specimen (n=10); error bars represent the standard error of the mean. Asterisks denote values significantly different from those of scrambled 
RNA treated controls (p<0.0001). Experiments were repeated 3 times, yielding similar results. 
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the immunofluorescence data, treatment with 100 nM hTl 
(Figure 3E, lane 3) and 200 nM hTl (Figure 3E, lane 4) re- 
sulted in decreased fibroneclin secretion into the culture me- 
dia. The siRNA elicited a greater effect with 200 (66% reduc- 
tion compared to the scrambled siRNA treated sample) than 
100 n.M (40% reduction). 

TpRII siRNA blocks corneal fibroblast migration: Wound 
scratch assays indicated that corneal fibroblasts migrated into 
die wounded area (Figure 4A). Within 7 h, untreated control 



and scrambled RNA transfected cells filled 71.8±4.3% and 
69.3±5.8% of the pipette tip generated wound area (Figure 
4E), respectively. By contrast, the percent wound area cov- 
ered by 100 nM hTl (42.3±10.2%) and 200 nM hTl 
(21.9+3.9%) transfected cells was significantly decreased 
(pO.0001). 

TpRII siRNA marked! < i'iii mmation and 

fibrosis in a mouse model: To generate a mouse model of 
inflammation and fibrosis, PBS and latex beads were injected 
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Figure 5. Inflammatory response in mouse models. A: Tissue sec- 
lions from a normal mouse eye. An eye injected with PBS alone, and 
an eye injected with PBS mixed with latex beads was stained with 
hematoxylin and eosin to assess cellularity. Note the long, spindle 
shaped fibroblasts (arrowheads) underneath the conjunctival epithe- 
lium (atTows) in the normal mouse eye. Infiltration of the large, round 
inflammatory cells was observed in mouse eyes 2, 4, and 7 days after 
injection with either PBS alone or with PBS/beads. The S indicates 
the sclera. The bar represents 50 [xm. B: Bar graph showing the num- 
ber of inflammatory cells per 2,500 \xm l of subconjunctival area in 
eyes 2, 4, and 7 days after being injected with PBS alone or with 
PBS/beads. The data are presented as means (n=8 for day 2 and n=4 
for days 4 and 7); error bars represent the standard error of the mean. 
Asterisks indicate values significantly different from those in PBS 
injected eyes (pO.01 1). 
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into the subconjunctival space of mice. A model has been de- 
scribed previously using only PBS for injections [37], in which 
(lie inflammatory response was observed between days 1 and 
3 and collagen deposition was seen on day 14 following in- 
jections. In the PBS/beads model, round and large inflamma- 
tory cells (Figure 5A), contrasting the long, spindle shaped 
fibroblasts (Figure 5 A, arrowheads), were observed after he- 
matoxylin and eosin staining in the subconjunctival space 
within 2 days of injection. The number of inflammatory cells 
per 2,500 urn 2 area underneath, the conjunctival epithelium 
was significantly greater (pO.0'11) in the PBS/latex beads 
injected eyes than with PBS alone (Figure 5B). The inflam- 
matory response observed on day 2 subsided on days 4 and 7 
(Figure 5A,B). Since subconjunctival injection of PBSAieads 
augmented the inflammatory response, this model was used 
to test the siRNA effects. 

siRNA with mouse sequences corresponding to those of 
hTl (designated as mTl ), or scrambled siRNA was introduced 
into mouse eyes together with PBS/latex beads in a masked 
manner. Two days following the injection, numerous inflam- 
matory- cells were observed underneath the conjunctival epi- 
thelium in the scrambled RNA treated and PBS/latex beads 



injected control eyes. In comparison, the infiltration of inflam- 
matory cells was significantly less (p<0.015) in mTl treated 
eyes (Figure 6A,B). On post-injection day 14, picrosirius red 
staining showed thick collagen deposition underneath the con- 
junctival epithelium of scrambled RNA treated eyes (Figure 
6C). The fibrotic response was markedly repressed by treat- 
ment with mTl siRNA (Figure 6C). 

DISCUSSION 

The present study demonstrates that siRNAs specific to hu- 
man TpTUi knocked down the reci ptoi prt ion in cultured 
human corneal fibroblasts. Immunofluorescence staining, 
western blotting, and real time PGR analyses showed the ef- 
fectiveness of the dose and time dependent inhibition; that is, 
at concentrations ranging from 25 to 200 nM and time points 
from 16 to 72 h. We showed that two (hTl and hT2) of the 
four siRNAs tested were more efficacious. The confidence of 
the data is established since gene silencing is produced from 
siRNAs designed from different regions of tire TpRII gene. 

Corneal fibroblasts constitutively express TGF-p [38], 
which induces the expression of matrix molecules such as 
fibronectin and collagen type I [38,39] and facilitates the mi- 



Figure 6. Suppression of inflamma- 
tory response and collagen deposition 
by TfSRII siRNA. A: Hematoxylin 
and eosin stained tissue sections from 
mouse eyes 2 days after injection with 
PBS/latex beads along with 200 nM 
scrambled or mTl siRNA. Arrows 
indicate the conjunctiva and S indi- 
cates the sclera. The bar represents 50 
urn. B: Bar graph showing the num- 
ber of inflammatory cells per 2,500 
um 2 of subconjunctival area in eyes 
injected with 200 nM of mTl com- 
pared to those treated with scrambled 
siRNA. Data are presented as means 
(n=5); error bars represent tire stan- 
dard error of the mean. The asterisk 
indicates values significantly differ- 
ent from those of scrambled RNA 
treated controls (p<0.015). C: Tissue 
sections from eyes 14 days after in- 
jection were stained with picrosirius 
red to demonstrate deposition of col- 
lagen that appears as pink fibrillar 
structures. Note the thick subconj unc- 
tival collagen layers in the scrambled 
siRNA treated mouse eye. Arrows 
indicate the conjunctival epithelium 
and S indicates the sclera. 




gration of corneal fibroblasts [39,40]. Both of these are criti- 
cal steps in the wound repair process [41]. In the current study, 
we showed that fibronectm secretion and deposition were re- 
duced and corneal fibroblast migration was markedly retarded 
with the siRNA treatment. These findings are consistent with 
the disruption of the TGF-fS signaling pathway by the siRNA 
directed against T(3RH. 

The siRNA effect was also demonstrated in a mouse model 
of ocular inflammation and fibrosis. Our model is similar to 
that described by Reichel, et al. [37], but instead of injecting 
PBS alone into the subconjunctival space, we injected PBS 
mixed with latex beads into mouse eyes. This resulted in a 
marked augmentation of the inflammatory response. Even in 
this severe inflammatory model, we observed that mTl siRNA 
at 200 nM was effective in blocking the inflammatory and 
fibrotic responses in the mouse eyes. The reduced fibrosis may 
be related to the reduced inflammation, impeded fibroblast 
migration, or diminished matrix deposition. It is also note- 
worthy that while adenovirus and other vectors may be em- 
ployed for long term inhibition of inflammation, transient 
knockdown by synthetic siRNAs allows a better dosage con- 
trol and may minimize potential side effects. Certainly in our 
mouse model, a one-time administration of siRN A at a very 
early phase was sufficient to control the inflammatory pro- 
Ocular fibrotic wound response is a major cause of im- 
paired vision and blindness, especially following surgical treat- 
ment for glaucoma [1 8,19], Excessive post-operative scarring 
often leads to failure of filtration surgery. While the use of 
antimetabolites such as mitomycin C and 5-fluorouracil as con- 
junctival anti-scarring treatments benefits a number of patients, 
these agents are associated with potentially blinding compli- 
cations including hypotony, maculopathy, and infection [20- 
23]. Therefore, sequestering of mature TGF-(3 is an important 
target in preventing inflammation and fibrosis. Antibodies to 
TGF-P2 have been reported to reduce conjunctival scarring 
[24,25], In addition, antisense oligonucleotides [26,42] or 
ribozymes [43] to TGF-|3 were shown to be effective in wound 
healing in animal and cell culture studies. However, the neu- 
tralizing antibody approach exhibits relatively weak effects in 
general as it may not gain full access to the targeted TGF-p 
molecules [43]. Antisense phosphorofhioate oligonucleotides 
and ribozymes can be successful, but their effectiveness [44], 
stability, and specificity are still in debate. The concentrations 
needed are also generally in the uM range, whereas as the 
present study indicates, the mTl siRNA is efficacious at 200 
nM. Additionally, our approach of targeting the TGF-fS recep- 
tor [45] rather than the ligand allows for more specific and 
effective knockdown of the cytokine function. 

In summary, the current study demonstrates that 
downregulation of the TpRII gene by local application of 
siRNA prevents ocular inflammation and fibrosis. Our results 
underscore the potential of a novel therapy for preventing the 
inflammatory response and scarring in ocular diseases and after 
glaucoma filtration surgery. This approach may also have ap- 
plications for other surface tissues, including 1he skin. 
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siRNA-mediated knockdown of the serotonin transporter 
in the adult mouse brain 
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Selective serotonin reuptake inhibitors (SSRIs) are widely used antidepressant drugs that 
increase the extracellular levels of serotonin by blocking the reuptake activity of the serotonin 
transporter (SERT). Although SSRIs elevate brain serotonergic neurotransmission acutely, 
their full therapeutic effects involve neurochemical adaptations that emerge following chronic 
drug administration. The adaptive downregulation of SERT has recently been implicated in the 
therapeutic response of SSRIs. Interestingly, studies using SERT-knockout mice reveal 
somewhat paradoxical depression-related effects, probably specific to the downregulation of 
SERT during early development. However, the behavioral significance of SSRI-mediated 
downregulation of SERT during adulthood is still unknown. We investigated whether somatic 
gene manipulation, triggered by infusing short interfering RNA (siRNA) into the ventricular 
system, would enable the downregulation of SERT in the adult mouse brain. Infusing the 
SERT-targeting siRNA, for 2 weeks, significantly reduced the mRNA levels of SERT in raphe 
nuclei. Further, a significant, specific and widespread downregulation of SERT-binding sites 
was achieved in the brain. In contrast, 2-week infusion of the SSRl, citalopram, produced a 
widespread downregulation of SERT-binding sites, independent of any alterations at the 
mRNA level. Irrespective of their mechanisms for downregulating SERT in the brain, infusions 
of SERT-siRNA or citalopram elicited a similar antidepressant-related behavioral response in 
the forced swim test. These results signify a role for the downregulation of SERT in mediating 
the antidepressant action of SSRIs in adults. Further, these data demonstrate that siRNA- 
induced widespread knockdown of gene expression serves as a powerful tool for assessing 
the function of endogenous genes in the adult brain. 

Molecular Psychiatry (2005) 10, 782-789. doi:10.1038/sj.mp.4001687; published online 10 May 2005 
Keywords: RNA interference; depression; forced swim test; citalopram; in vivo; dopamine 
transporter 



The serotonin transporter (SERT) controls the tem- 
poral and spatial activity of extracellular serotonin by 
facilitating a rapid and high-affinity reuptake of this 
neurotransmitter into presynpatic terminals. 1 SERT is 
also a primary molecular target for the most widely 
prescribed antidepressant drugs, the selective seroto- 
nin reuptake inhibitors (SSRIs). 2 SSRIs readily inhibit 
SERT activity and elevate the serotonergic tone in the 
brain. However, full therapeutic benefits ensue only 
after chronic use of SSRIs, requiring the manifestation 
of long-term adaptations, secondary to the blockade of 
serotonin reuptake. 3,4 

Emerging studies reveal downregulation of SERT 
as an adaptive consequence of sustained and high 
occupancy by chronically administered SSRIs. 5-8 The 
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downregulation of SERT favorably potentiates the 
SSRI-mediated increase in the brain serotonergic 
neurotransmission. 6-7 Further, the lag time required 
by SSRIs to produce a substantial downregulation of 
SERT correlates well with the time needed for 
eliciting a full therapeutic response. Therefore, down- 
regulation of SERT has been implicated in the 
antidepressant action of SSRIs. 7 

Recently, S£ifT-deficient mice were used to ascer- 
tain the role of SERT in the etiology of depression vs 
the antidepressant action of SSRIs. 910 Consequently, 
the depression-related behavior illustrated by these 
mice has been attributed to the developmental 
changes that result from early-life absence of 
SERT. 10 " 12 Indeed, an elevated propensity toward 
abnormal emotional behavior is noted in adult animals 
chronically treated with antidepressants during early 
development, 12-14 or in individuals genetically expres- 
sing low levels of SERT. 15-18 Therefore, although 
SERT-knockout mice represent a useful model for 
investigating disorders involving genetic alterations in 
SERT during early life, 11 - 19 they are less appropriate 
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for studying the partial SERT downregulation ob- 
served following chronic use of SSRIs. Moreover, 
these mice fail to establish the functional relevance of 
downregulating SERT during adulthood. 

In an effort to obtain a specific downregulation of 
SERTin the adult mouse brain, we employed nonviral 
RNA interference (RNAi) methodology, which we 
have recently validated in vivo. 20 RNAi is a cellular 
surveillance mechanism that destroys the endogen- 
ous mRNAs containing sequences complimentary to a 
double-stranded RNA (dsRNA) trigger. 21 Short inter- 
fering RNAs (siRNAs) mimic the cleavage products of 
dsRNA and produce sequence-specific gene-knock- 
down in mammalian cells, without eliciting the lethal 
dsRNA-interferon response. 22 23 Recently, we demon- 
strated that intracerebroventricularly (i.e. v.) infused 
siRNAs can efficiently produce a widespread down- 
regulation of gene expression in the adult mouse 
brain. 20 Here, we compare the neurochemical as well 
as the behavioral consequences of infusing a SERT- 
targeting siRNA vs the SSRI, citalopram, in the brain. 

Materials and methods 

Animals 

Male BALB/c mice (19-29 g; Iffa Credo, France) were 
housed two/cage for at least 1 week before surgery, 
and thereafter one/cage, in a temperature- and 
humidity-controlled room with 12-12 h light-dark 
cycle (lights on at 0600 A. M.). Food pellets and tap 
water were available ad libitum, except during 
behavioral testing. Animal handling and experimen- 
tation were performed during the light cycle, in 
accordance with the Veterinary Authority of Basel- 
Stadt, Switzerland. 

Drug/siRNA administration in mouse brain 
The sequences of SERT-targeting siRNAs were 
checked for theoretical specificity against the mouse 
transcriptome using the Smith Watermann algorithm. 
In all, 12 different siRNA sequences were accepted, 
with at least two nonconsecutive and nonterminal 
mismatches against any other transcript. siRNAs were 
screened for their in vitro knockdown efficiency in a 
reporter assay, consisting of the cotransfection of 
siRNAs with a plasmid coding for a SERT-YFP fusion 
mRNA, as previously described for antisense oligo- 
nucleotides. 24 The target sequence for each siRNA 
(GenBank accession no. NM_010484), and its 
efficiency in reducing the mRNA levels from 100% 
to the value in parentheses, along with the corre- 
sponding coefficient of variation, is indicated as 
follows: nt 429-449 (27%, 4.4), 528-548 (43%, 7.3), 
643-663 (20.8%, 13.8), 648-668 (45.7%, 4.7), 801- 
821 (14.3%, 8.9), 1230-1250 (10.4%, 4.8), 1233-1253 
(16.5%, 7.5), 1239-1259 (19.8%, 4.3), 1455-1475 
(23.6%, 1.7), 1459-1479 (24.8%, 6.5), 1725-1745 
(25.2%, 4.4) and 2061-2081 (12.4%, 12.1). Subse- 
quently, the siRNA, targeting nt 1230-1250, that 
revealed a consistently maximal knockdown of 
~90% was chosen for all in vivo experiments. A 



corresponding 3-nt-mismatch siRNA (mmRNA; 
guide, 5'-UUGUGGAACGUGUGGUAGCdTdA-3'; 
complement, 5'-GCUACCACACGUUCCACAAdTdT- 
3') served as a control. The guide and complement 
strands of each siRNA were annealed in an isotonic 
RNAi buffer as described previously. 20 - 25 Citalo- 
pram.HBr was also dissolved in the same RNAi 
vehicle. Osmotic minipumps (Alzet model 1002, 
Durect Corporation, Cupertino, CA, USA) were filled 
in order to infuse vehicle (6/d/day), citalopram 
(20,ug/day), SERT-siRNA or mmRNA (0.4mg/day) 
for 2 weeks. This duration of infusion was chosen 
based on our previous studies showing that a 
maximally effective RNAi response requires 2 weeks 
of siRNA infusion. 20 A maximally effective dose of 
siRNA was used that was well tolerated with no signs 
of neurotoxicity (hind-limb paralysis, vocalization, 
food intake or neuroanatomical damage) following 
i.c.v. application for 2 weeks. Implantation of the 
cannula for infusion into the dorsal third ventricle 
(AP: -0.5 mm; ML: Omm, DV: -3 mm, relative to 
bregma), 26 from the subcutaneously -implanted mini- 
pump, was performed as described previously. 20 

Behavioral assessment 

Forced swim test was conducted as described pre- 
viously, 27 ' 28 14 days after implanting the cannula- 
minipump assembly. Briefly, mice were individually 
placed into plexiglas cylinders (24 cm high x21cm 
internal diameter) filled with water (25.4±0.7°C) to a 
depth of 15 cm. Test sessions were recorded by a 
video camera positioned directly above the cylinders. 
A well-trained observer, blinded to the treatment 
groups, scored these videotapes for the duration of 
mouse immobility during the last 4 min of the 6 min 
test period. A mouse was judged to be immobile when 
making only those movements necessary to keep its 
head above water. We chose the forced swim test, 
which is the most widely used paradigm for assessing 
depression- or antidepressant-related behavior in 
mice, 29,30 and also because it was sensitive to the 
partial knockdown of SERT in SERT + '~ mice. 9 

Locomotor activity was assessed in a novel envi- 
ronment as described previously, 28 for 60 min be- 
tween 08:00 and 11:30, ~24h after conducting the 
forced swim test. 

Processing of the brain for mRNA and protein analysis 
Mice were decapitated immediately after their loco- 
motor activity trial. Brains were removed and serial 
coronal sections of 10 /mi thickness were obtained at 
the following AP coordinates, in mm, relative to 
bregma: 26 2.46 (prefrontal cortex), 1.18 (caudate puta- 
men, nucleus accumbens, olfactory tubercle, lateral 
and medial septum), -0.22 (globus pallidus), -0.46 
(to confirm the site of injection), -1.58 (cerebral 
cortex, hippocampus, thalamus, hypothalamus, 
amygdala), -3.08 (substantia nigra, ventral tegmental 
area), -4.36 (superior colliculus, dorsal and median 
raphe), -5.34 (locus coeruleus) and -7.2 (brainstem). 
Sections were thaw-mounted onto poly-L-lysine- 
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coated slides, coded for a blind analysis of mRNA and 
protein, and stored at -80°C until use. 

In situ hybridization was performed as described, 31 
using [ 35 S]-labeled antisense riboprobes, in order to 
detect the SERT or neuron-specific enolase (NSE) 
mRNA on adjacent brain sections. Hybridizing brain 
sections with the corresponding [ 35 S]-labeled sense 
riboprobes did not reveal any mRNA signal and 
served as a control for each probe. The DNA 
templates, for riboprobe synthesis, were generated 
from cDNA fragments of mouse SERT (nt 187-637; 
GenBank accession no. NM_010484) or NSE (nt 2089- 
2290; GenBank accession no. X52380). At the end of 
the in situ hybridization procedure, slides were 
dipped in liquid nuclear emulsion and the optical 
density (OD) of silver grains, positive for the probed 
mRNA, was quantified as described previously. 31 

Quantitative autoradiography was performed on 
brain sections as described previously, 20,32 with minor 
modifications, in order to determine changes in 
densities of SERT- or dopamine transporter (DAT)- 
binding sites following various treatments. Briefly, 
sections were subjected to two washes in an aqueous 
buffer (120 mM NaCl, 0.1 M sucrose, 10 mM sodium 
phosphate) for lh followed by incubation with a 
nonsaturating concentration of [ 125 I]RTI-55 (10 pM, 
2200Ci/mmol, Perkin-Elmer, Boston, MA, USA) in 
fresh buffer for 2h. [ 125 I]RTI-55 selectively labeled 
SERT, provided the binding to DAT was occluded 
with 10 ;uM GBR-12909. The same radioligand was 
used to label DAT upon inhibition of SERT binding 
with 50 nM citalopram. By using tissue-calibrated 
data from the coexposed radioactive standards, OD 
values of autoradiograms were transformed to levels 
of radioactivity bound (nCi/mg tissue protein) to 
specific brain regions in tissue sections. Nonspecific 
binding was determined in adjacent brain sections 
by using 50 nM citalopram and 10 ^M GBR-12909, 
in addition to the radioligand, and was equivalent to 
the autoradiographic film background. 



Results 

siRNA-induced specific knockdown of SERT mRNA 
and protein in the brain 

We recendy demonstrated the ability of siRNAs, 
infused into the dorsal third ventricle, to knockdown 
genes expressed in caudal brain regions as far as the 
substantia nigra and ventral tegmental area. 20 Here, we 
tested if a similar protocol could be used to target 
SURTexpressed further away from the site of infusion, 
specifically in the serotonergic neurons of the dorsal 
and median raphe nuclei. 1 A maximally effective 
RNAi response requires 2 weeks of siRNA infusion, 
irrespective of the half-life of the target protein. 20 The 
same infusion period is also required by SSRIs in 
order to produce a substantial downregulation of 
SERT. 6 ' 7 Therefore, mice were infused with the 
SERT-targeting siRNA, a corresponding nrmRNA, 
citalopram or vehicle for 2 weeks into the ventricular 



system. In situ hybridization analysis revealed a 
significant downregulation of SERT mRNA in the 
dorsal as well as median raphe of mice receiving 
siRNA (Figure la). SERT mRNA levels were unaltered 



SERT mRNA 

Vehicle siRNA mmRNA Citalopram 




NSE mRNA 

siRNA mmRNA Citalopram 




Dorsal raphe 



Figure 1 siRNA-induced specific knockdown of SERT 
mRNA in the dorsal and median raphe nuclei. Mice 
received a 2-week infusion of vehicle, SERT-targeting 
siRNA, mmRNA or citalopram into the dorsal third 
ventricle, (a) siRNA infusion significantly reduced the 
mRNA levels of SERT specifically expressed in the dorsal 
and median raphe nuclei, DR and MR, respectively, (b) NSE 
mRNA levels in the same regions, and the dentate gyrus, 
were unaffected by any treatment. At the top of each panel 
are low magnification, dark-field photomicrographs illus- 
trating representatives of in situ hybridization with SERT (a) 
or NSE (b) riboprobes in adjacent, coronal brain sections 
followed with emulsion-dipping of slides. The extent of 
siRNA-induced knockdown is revealed by expressing the 
densitometric quantification of mRNA positive grains as % 
OD values of those in corresponding regions from vehicle- 
treated mice. Bars represent means +SEM of 12-26 
observations (2-4 observations/animal, depending on 
the brain region, and 6-7 animals/group). *P<0.05, 
***F<0.001, significantly different from all other treat- 
ments; raw OD values were analyzed using one-way 
ANOVA followed by Tukey's post hoc test. 
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with infusion of mmRNA or citalopram as compared 
to those in vehicle-infused mice (Figure la]. mRNA 
levels of the neuronal marker, NSE, were quantified in 
the same regions of adjacent brain sections. None of 
the treatments, including siRNA, produced a signifi- 
cant change in raphe levels of NSE mRNA (Figure lb). 
The dentate gyrus is the most susceptible region to the 
gene-knockdown effect of i.c.v. siRNA. 20 However, 
SERT-siRNA or any other treatment had no effect on 
NSE mRNA levels in this region, indicative of a SERT- 
specific action of siRNA (Figure lb). 

SERT protein is localized not only in the soma and 
dendrites of neurons originating in the raphe nuclei 
but also is transported down the axons to serotonergic 
projection areas widespread in the brain. 1 [ 125 I]RTI-55 



autoradiography was performed for quantification 
of SERT-binding sites in 18 regions along the rostro- 
caudal axis of the brain. Infusing the SSRI, citalopram, 
for 2 weeks produced a significant decrease, by 
-40-50%, in the density of SERT-binding sites in 
almost all brain regions analyzed (Figure 2). Infusion 
of siRNA, but not mmRNA, also led to a significant 
downregulation of SERT in all these brain regions, 
except the nucleus accumbens and olfactory tubercle 
(Figure 2). The extent of siRNA-mediated SERT 
downregulation varied across brain regions: a 
maximal 60% effect observed in the hippocampus 
and thalamus, while only 18% decrease noted in 
the prefrontal cortex, locus coeruleus and brainstem 
(Figure 2). All other brain regions exhibited a 
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Figure 2 Widespread down regulation of SERT-binding sites following infusion of siRNA or citalopram in the brain. 
Infusion of the SERT-targeting siRNA or citalopram led to an extensive downregulation of SERT in the brain as compared 
with infusions of vehicle or mmRNA. (Top) Representative autoradiograms of [ ,25 I]RTI-55 binding to SERT in sections 
showing maximum number of brain regions with siRNA- and citalopram-induced downregulation of SERT. The microscale 
bars from top to bottom represent binding values of 0.74, 1.26 and 2.52nCi/mg. (Bottom) Densitometric analysis of specific 
SERT binding is presented as % binding in the corresponding region of vehicle-infused mice, in order to illustrate the extent 
of siRNA- or citalopram-induced SERT downregulation in each region. Bars represent mean +SEM of 12-52 observations (2- 
8 observations/animal, varying with the brain regions analyzed, and 6-7 animals/group). Raw values were analyzed using 
one-way ANOVA followed by Tukey's post hoc test. *P<0.05, **P<0.01, ***P<0.001, significantly different from vehicle- 
or mmRNA-treated mice in each brain region; "P<0.05, **P<0.01, significantly different from siRNA treatment in the same 
region. 
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moderate decline of ~33% in the density of SERT- 
binding sites following siRNA treatment (Figure 2). 
Citalopram-induced downregulation of SERT was 
marginally, yet significantly, greater than that induced 
by siRNA in some regions, including the lateral 
septum, nucleus accumbens, olfactory tubercle, glo- 
bus pallidus, cerebral cortex, hypothalamus, amygda- 
la and locus coeruleus (Figure 2). Differences in basal 
levels of SERT binding may possibly account for 
differences observed among brain regions in siRNA- 
induced downregulation of SERT. However, this 
possibility was ruled out due to a lack of any 
significant correlation (r=0.02, P=0.93) illustrated 
between these factors. We also assessed changes in 
the binding levels of DAT, a protein closely related to 
SERT, following infusions of vehicle, SERT-siRNA, 
mmRNA or citalopram. DAT-binding sites throughout 
the brain were unaffected by any treatment, again, 
suggesting a SERT-specific effect of siRNA as well 
as of citalopram (Figure 3). 

Antidepressant-like response in mice receiving SERT- 
targeting siRNA 

The forced swim test is the best characterized and 
most widely used model for assessing alterations in 
depression- or antidepressant-related behavior in 
mice following genetic or drug-induced manipula- 
tions. 29,30 The behavioral readout is the duration for 
which the mouse remains immobile following initial 
escape-intended movements when subjected to this 
test. In this case, immobility is thought to reflect a 
behavioral despair that disengages the mouse from 



actively coping with stressful stimuli, also known as 
'entrapment' in clinical depression. 30 This model was 
employed to test if mice displayed a depression- or 
antidepressant-like phenotype following 2-week in- 
fusions of vehicle, SERT-siRNA mmRNA or citalo- 
pram. One-way ANOVA revealed a significant effect 
of treatment on the duration of immobility in the 
forced swim test (F 3 . 36 = 4.08, P = 0.014). Consistent 
with the antidepressant action of SSRIs, mice infused 
with citalopram demonstrated a significant decrease 
in immobility as compared to those receiving vehicle 
or mmRNA (Figure 4a). Interestingly, the duration of 
immobility was also significantly reduced to the same 
extent for siRNA-treated mice (Figure 4a). Further, we 
tested if the antidepressant-like phenotype, exhibited 
by citalopram- or siRNA-infused mice in the forced 
swim test, was confounded by a possible hyperacti- 
vity in these mice. A two-way repeated measures 
ANOVA failed to reveal any significant effect of 
treatment on locomotor activity (F 3i3g6 = 1.425, 
P— 0.252, Figure 4b). A significant effect of time 
(F„. 396 = 28.188, P< 0.001) was noted, however, with 
no significant treatment x time interaction 
(F 33 .396 = 0.7 1 2, P = 0.882), indicating that all animals 
equally habituated to the behavioral assessment, 
irrespective of their treatments. 

Discussion 

In the present study, we describe a nonviral, in vivo 
RNAi method for downregulating SERT in the adult 
mouse brain. Recently, we demonstrated that siRNA 
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Figure 3 DAT binding levels in the brain are unaltered with SERT-siRNA or citalopram treatment. (Top) Representative 
autoradioradiograms of [ 125 I]RTI-55 binding to DAT in the caudate putamen, nucleus accumbens and olfactory tubercle. 
Microscale bars from top to bottom represent binding values of 0.74, 1.26, 2.52 and 5.36nCi/mg. (Bottom) Densitometric 
analysis of specific DAT binding presented as % binding in the corresponding region of vehicle-infused mice. Infusing the 
vehicle, SERT-targeting siRNA, mmRNA or citalopram for 2 weeks had no significant effect on DAT binding in any brain 
region. Bars represent mean +SEM of 22-26 observations (3-4 observations/animal and 6-7 animals/group). 
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Figure 4 Antidepressant-like response in mice treated 
with SERT-targeting siRNA or the SSRI, citalopram. (a) 
Mice infused with citalopram demonstrated a significantly 
decreased immobility in the forced swim test as compared 
to mice infused with vehicle or mmRNA. A similar 
antidepressant response was noted for siRNA-infused mice, 
(b) Locomotor activity of these mice was assessed, ~24h 
later, as the distance traveled (m) in 5min intervals upto 
60 min. None of the treatments had a significant effect on 
mouse locomotor activity as shown with the cumulative 
distance traveled in a 5, 10, 30 or 60 min period. Bars 
represent mean +SEM values from 10 animals/group. 
*P<0.05, **P<0.01, significantly different from vehicle, 
using one-way (a) or two-way repeated measures (b) 
ANOVA followed by Fisher's post hoc test. 



infusion into the dorsal third ventricle can knock- 
down gene expression in regions as far rostral as the 
prefrontal cortex and as caudal as the substantia 
nigra. 20 Here, we efficiently target SERT expression in 
the dorsal and median raphe nuclei, ~ 1 mm caudal to 
the substantia nigra (~5mm from the infusion site), 
which further extends the potential utility of our 
RNAi protocol to downregulate genes in a broader 
expanse of the brain. 

We compared the neurochemical consequences of 
infusing a SERT-targeting siRNA vs the SSRI, citalo- 
pram. Infusion of citalopram i.c.v., for 2 weeks, 
produced a significant downregulation of SERT, by a 
magnitude equivalent to that previously reported 
with subcutaneous infusions of SSRIs. 6,7 Further, 
citalopram-induced downregulation of SERT was 
independent of any changes at the mRNA level, 
consistent with previous studies using other SSRIs. 5 - 6 
In contrast, 2-week infusion of SERT-siRNA specifi- 
cally reduced the mRNA levels of SERT in the dorsal 
and median raphe nuclei. It may be argued that this 
effect on SERT mRNA is rather modest, and a longer 



infusion period is required in order to obtain a 
substantial knockdown at the mRNA level. However, 
siRNA-induced specific knockdown of SERTwas also 
noted at the protein level to an extent comparable to 
that produced by citalopram in most of the brain 
regions analyzed. Further, the possibility of achieving 
a greater magnitude of SERT knockdown, with 
extended siRNA infusions, seems unlikely consider- 
ing the half-life of SERT is ~3 days. 33 ' 34 

The behavioral consequence of downregulating 
SERT, following infusion of siRNA, was an anti- 
depressant-related response in the forced swim 
paradigm, the most widely used model for assessing 
antidepressant-related behavior in rodents. 30 The 
siRNA-induced antidepressant response was similar 
to that elicited by the SSRI, citalopram, in this test. 
Further, this antidepressant response was not due to 
any hyperactivity per se, as the locomotor activity of 
these mice was unaltered when placed in a novel 
environment. In marked contrast to the antidepres- 
sant-related response of mice infused with either 
SERT-siRNA or citalopram, a depression-related 
behavior has been illustrated by the SERT hetero- 
zygous mice in addition to full knockout mice, using 
the same force swim paradigm. 9 SERT heterozygous 
knockouts display reduced levels of SERT during 
early development as opposed to the downregulated 
SERT in adult mice obtained using SERT-siRNA or 
citalopram in this study. Therefore, a depression-like 
behavior of the heterozygous knockouts implies that 
downregulation of SERT during early developmental 
stages may have a negative influence on emotional 
behavior. Previous studies have reported an abnormal 
emotional behavior in animals subjected to an early- 
life regimen of SSRIs or other less-SSRIs. 12-14 More 
recently, an increased risk of abnormal emotional 
behavior was also documented in pediatric patients 
taking SSRIs. 35 Therefore, it remains to be verified if 
such deleterious effects result from downregulation of 
SERT following early-life exposure to SSRIs. Interest- 
ingly, a downregulation of SERT has been reported in 
the brains of depressed patients. 36-38 Therefore, on the 
surface these findings are incongruent with our 
current data and that of Frazer and colleagues. 5-8 
However, genetically- mediated downregulation of 
SERT during early life could also explain for the 
apparent discrepancy between the antidepressant- 
related outcome of siRNA- or SSRI-induced down- 
regulation of SERT and the downregulation reported 
in the brains of depressed patients. 36-38 Whether 
these depressed patients were, indeed, genetically 
predisposed to expressing low levels of SERT remains 
unknown. Clearly, a more comprehensive analyses of 
an association between the downregulation of SERT 
with polymorphisms in the SERT gene and the 
vulnerability to affective disorders is warranted. 

In conclusion, we demonstrate the efficiency of our 
nonviral RNAi protocol to produce a specific and 
widespread downregulation of SERT in the adult 
mouse brain. Using this technique, we highlight the 
functional significance of SERT downregulation in 
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mediating the antidepressant response of SSRIs 
during adulthood. With an emerging knowledge of 
mechanisms underlying the regulation of SERT levels 
at presynpatic nerve terminals, 39 we anticipate that 
targeting the mechanisms that facilitate a down- 
regulation of SERT would not only advance our 
understanding of how SSRI antidepressants work 
but also potentially lead to the development of more 
rapid-acting antidepressant agents. 
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Abstract 

We have developed a highly effective method for in vivo gene silencing in the spinal cord and dorsal 
root ganglia (DRG) by a cationic lipid facilitated delivery of synthetic, small interfering RNA 
(siRNA). A siRNA to the delta opioid receptor (DOR), or a mismatch RNA, was mixed with the 
transfection reagent, i-Fect™ (vehicle), and delivered as repeated daily bolus doses (0.5 u.gto 4 ug) 
via implanted intrathecal catheter to the lumbar spinal cord of rats. Twenty-four hours after the 
last injection, rats were tested for antinociception by the DOR selective agonist, [D-Ala 2 , 
Glu 4 ]deltorphin II (DELT), or the mu opioid receptor (MOR) selective agonist, [D-Ala 2 , N-Me- 
Phe 4 , Gly-ol 5 ]enkephalin (DAMGO). Pretreatment with the siRNA, but not the mismatch RNA or 
vehicle alone, blocked DELT antinociception dose-dependently. The latter was concomitant with a 
reduction in the spinal immunoreactivity and receptor density of DOR, and in DOR transcripts in 
the lumbar DRG and spinal dorsal horn. Neither siRNA nor mismatch RNA pretreatment altered 
spinal immunoreactivity of MOR or antinociception by spinal DAMGO, and had no effect on the 
baseline thermal nociceptive threshold. The inhibition of function and expression of DOR by siRNA 
was reversed by 72 hr after the last RNA injection. The uptake of fluorescence-tagged siRNA was 
detected in both DRG and spinal cord. The low effective dose of siRNA/i-Fect™ complex reflects 
an efficient delivery of the siRNA to peripheral and spinal neurons, produced no behavioral signs 
of toxicity. This delivery method may be optimized for other gene targets. 



Background 

RNA interference (RNAi) is an endogenous mechanism of 
RNA dependent degradation of specific mRNA by a pro- 
tein complex called the RNA induced silencing complex 
(RISC) [1]. This mechanism was first characterized in the 



nematode Caenorhabditis elegans as an intrinsic protective 
response against invaded viral RNA [2]. The sequence spe- 
cific substrate selectivity of RISC is dictated by its complex 
formation with certain double stranded, small interfering 
RNA (siRNA) that, in the nematode, is generated from 
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Figure I 

Dose effect of intrathecal siRNA to DOR on the anti- 
nociceptive effect of the delta opioid agonist [D-Ala 2 , 
Glu 4 ]deltrophin II (DELT). DELT was given intrathecal^ 
(30 ug). The antinociceptive efficacy of DELT is defined as % 
antinociception measured 30 min after drug administration (n 
= 6 rats/group). Intrathecal DELT antinociception was signifi- 
cantly blocked after 3 consecutive once daily dose of siRNA 
at a daily dose of 4 ug (2 ug b.i.d.) or 2 fig (*p < 0.05), when 
compared with that observed in the vehicle control group. 
Mismatch RNA at the same doses had no effect on DELT 
antinociception. The 2 Jig daily dose of siRNA, when adminis- 
tered without i-Fect™, did not block intrathecal DELT anti- 
nociception. The 0.5 Ug dose of the siRNA in i-Fect™ did 
not have any effect on intrathecal DELT antinociception. Sta- 
tistical analysis was carried out by one-way ANOVA follow- 
ing Dunnett's multiple comparisons. 



viral RNA by an enzyme complex called DICER [3]. Sub- 
sequently, it was demonstrated that RNAi could be 
achieved in cultured mammalian cells by transfecting 
them with chemically synthesized siRNA [4], or by plas- 
mid generated siRNA [5 ], thus establishing a new technol- 
ogy for functional genomics as well as drug target 
validation. In vertebrate experimental models, RNAi has 
been successfully applied to target exogenous and endog- 
enous gene expression in organ systems such as liver, 
spleen, kidney, lung, and pancreas via systemic delivery 
[6-10]. However, this novel technology is not readily ame- 
nable to targeting nervous system genes because siRNA 
does not easily cross the blood brain barrier, and its 
uptake by neurons in vitro is poor [11]. While chemical 
modification of siRNA may enhance the efficiency of 
uptake of these molecules in cultured neurons as demon- 
strated recently [12], only a few studies to date succeeded 
in knocking down target genes in the central nervous sys- 
tem (CNS) [13-16]. We proposed that the limited advance 
made in the latter could be improved by establishing a 



paradigm that efficiently delivers the siRNA to the CNS 
and can be optimized for a variety of targets. 

We have previously shown that the delta opioid receptor 
(DOR) can be effectively knocked down in vitro [17] and 
in vivo [18,19] by antisense oligodeoxynucleotide (ODN) 
treatment. In vivo, an antisense ODN to the DOR, at a dose 
of 12.5 ug (1.6 nmol), given twice daily, produced a 
robust inhibition, by day 3, of antinociception of the 
DOR selective agonist, [D-Ala 2 , Glu^deltorphin II (DELT) 
when given intracerebroventricularly [18] or intrathecally 
[19]. We thus postulate that the DOR is a suitable proto- 
typic nervous system gene target for the purpose of opti- 
mizing in vivo RNAi by siRNA based on our prior 
experience with delivery and dosing of ODN, time course 
of the knockdown and turnover rate of the DOR. Another 
critical advantage is the well-established protocols and 
reagents for measuring the expression and function of 
DOR. We show here that a low dose of 2 ug of siRNA 
when mixed with a transfection agent, i-Fect™, and given 
once daily by the intrathecal route, effectively abolishes 
the function of DOR in the lumbar spinal cord. A selective 
reduction in the transcript and protein level of DOR in the 
lumbar dorsal root ganglia (DRG) and in the lumbar dor- 
sal horn of the spinal cord suggests that the inhibitory 
effect of the siRNA on DOR is specific to its knockdown of 
DOR expression. The uptake of the siRNA by cells in the 
DRG and the spinal cord is consistent with its site of 
action. The effect of the siRNA is abolished by scrambling 
its sequence, or by discontinuing the siRNA treatment. 
The effective dose of the siRNA requires the use of i-Fect™, 
which facilitates the uptake of the siRNA into target 
tissues. 

Results 

Intrathecal administration of a siRNA to DOR blocked 
spinal DELT antinociception 

The siRNA that was designed was first evaluated for its 
effect on DOR expression in vitro. This was accomplished 
by transfecting the siRNA/i-Fect™ complexes into NG108- 
15 cells that express endogenous DOR (the DOR in the 
NG108-15 cells has the mouse genotype; while the siRNA 
sequence was designed based on the rat DOR sequence, it 
cross-reacts with the mouse sequence). Quantitative RT- 
PCR analysis of total RNA extracts from these cells har- 
vested 48 hr after transfection showed an 82.4 ± 9.2% 
knockdown of the DOR transcripts compared with that in 
control, non-transfected cells. For in vivo delivery, an ini- 
tial experiment was conducted to determine the dose 
response of the siRNA, or mismatch RNA on intrathecal 
DELT antinociception (Fig. 1). Rats were given vehicle, the 
siRNA or mismatch RNA once daily for 3 consecutive 
days, and spinal DELT antinociception was measured 24 
hr after the last injection. In the vehicle pretreated rats, 
intrathecal DELT produced 60 ± 8% MPE, which was con- 
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sistent with that previously published [19]. The siRNA at 
2 ug and 4 ug (as two 2 ug doses, one at 0900 and one at 
1600 hr) daily dose both significantly attenuated the 
antinociception of DELT when compared with DELT anti- 
nociception in the vehicle control, while a 0.5 ug daily 
dose had no effect. The antinociception by DELT observed 
in the 2 ug and 4 ug siRNA pretreated groups were not sig- 
nificantly different from each other (10 ± 8% MPE, 25 ± 
5% MPE, respectively; P > 0.05). The mismatch RNA 
treated groups did not differ significantly from the vehicle 
control irrespective of dosage of the mismatch RNA. These 
data established the 2 ug daily as the approximate mini- 
mum effective dose of this siRNA. However, if this dose of 
the siRNA was given without the vehicle i-Fect™, the sub- 
sequent antinociceptive effect of intrathecal DELT was 
robust, and was not significantly different from that 
observed in the vehicle pretreated group, or mismatch 
RNA treated groups (Fig. 1). Notably, none of the RNA 
treatments had any effect on the baseline thermal nocice- 
ptive threshold when compared with that of the vehicle 
control group. The baseline thermal latencies for paw 
withdrawal in the vehicle, siRNA (2 ug/day for 3 days), 
and mismatch RNA groups prior to treatment were: 20 ± 
1 .5 sec, 21 ± 1.1 sec, and 20 ± 1 . 1 sec, respectively. Twenty- 
four hr after the last injection, the baseline thermal laten- 
cies were 20 ± 1.0 sec, 19 ± 1.5 sec, and 20 ± 1.0 sec, 
respectively. Neither vehicle nor RNA treatment precipi- 
tated overt signs of behavioral toxicity or motor impair- 
ment in the animals. All subsequent siRNA or mismatch 
RNA treatment employed the 3 consecutive daily dose of 
2 ug given with i-Fect™. 

The inhibitory effect of siRNA treatment on DELT 
antinociception is transient and reversible 

Whereas spinal DELT antinociception was attenuated 
after siRNA treatment, determined at 24 hr after the last 
siRNA injection, when the animals were tested again 48 hr 
later (i.e., 72 hr after the last injection), DELT antinocice- 
ption was not different when compared with that in mis- 
match RNA and vehicle control groups (Fig. 2). 

Knockdown of DOR in the spinal dorsal horn by the siRNA 

Figure 3 shows the saturation analysis of DOR in the spi- 
nal dorsal horn by the selective antagonist, [ 3 H]naItrin- 
dole. SiRNA, but not mismatch RNA, produced a 
significant reduction in the density of the DOR measured 
as the maximum specific binding (B max ) of the radiolig- 
and when compared with that in the vehicle treated con- 
trols. The reduction represents ~70% knockdown of the 
DOR density after siRNA treatment. The dissociation con- 
stant (Kd) for [ 3 H]naltrindole was not different in the 
three treatment groups. Immunohistochemical analysis 
using an anti-DOR antibody showed a significant reduc- 
tion of immunoreactivity for DOR in the superficial lam- 
inae of the dorsal hom of the lumbar spinal cord from 
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Figure 2 

Spinal DELT antinociception tested 72 hours after 
the last RNA or vehicle injection (n = 6/group). There 
is no significant difference in the % antinociception among the 
three pretreatment groups (p > 0.05). 




Free [ 3 H] Naltrindole, pM 



Figure 3 

Saturation [ 3 H]naltrindole binding in membranes 
prepared from rat dorsal lumbar spinal cord (n = 3 
rats/group). The B max value in the siRNA group, but not the 
mismatch RNA group, was significantly lower than that in the 
vehicle treated group. The K d values are not significantly dif- 
ferent among the 3 groups (p > 0.05). Data are representa- 
tive of 3 independent experiments. 



siRNA treated rats, but not from the mismatch RNA 
treated rats (Fig. 4). Lumbar spinal dorsal horn harvested 
from siRNA treated rats 72 hr after the last siRNA injection 
showed strong DOR immunoreactivity, which was not 
different from the vehicle or from the mismatch RNA 
controls. The recovery of DOR immunoreactivity by 72 hr 
after the last siRNA injection is consistent with the 
observed recovery of DELT antinociception in the siRNA 
treated rats at this time point shown in Fig. 2. 
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Figure 4 

DOR-immunoreactivity in the dorsal horn of the spi- 
nal cord after vehicle, siRNA or mismatch (MM) 
RNA treatment. The immunoreactivity of DOR was pre- 
dominantly found in laminae l/ll of the dorsal horn. The 
immunolabeling was significantly lower in tissue from siRNA 
treated rats. Tissues taken 72 hours after the last siRNA 
injection (siRNA recovery) show similar level of immunore- 
activity for DOR when compared with vehicle or MM RNA 
controls. Each image is representative of multiple sections 
from 3 rats per treatment group. 



siRNA treatment reduced the /eve/ of DOR transcripts in 
the DRG and the spinal dorsal horn 

The mRNA levels of DOR in the lumbar spinal cord and 
L4/L5 DRGs were determined by quantitative RT-PCR at 
24 hr after the last siRNA injection. In the siRNA treated 
group, there was a 38% reduction in DOR transcripts in 
the DRG (61.9 ± 5.7% of vehicle control), and 62% reduc- 
tion in the lumbar spinal cord (38 ± 1 7.7% of vehicle con- 
trol). Mismatch RNA pretreatment did not significantly 
alter the DOR mRNA level in either the DRG ( 1 09 ± 2.0% 
of vehicle control) or the lumbar spinal cord (90 ± 0.01% 
of vehicle control). 

siRNA was taken up by DRG and spinal cord cells 

AlexaFluor546-tagged siRNA fluorescence was clearly 
detected in both the lumbar DRG and spinal cord 24 hr 
after intrathecal delivery of 2 ug of the tagged RNA (Fig. 
5A, B). In the DRG, fluorescence was present in cell bodies 
of various sizes. The labeling was punctate, perinuclear, 
and varied in intensity among the cells (Fig. 5A). In the 
spinal cord cross sections, fluorescence could be seen dis- 
tributed over the entire cross sections, labeling a large 
number of cells in both the dorsal and the ventral horn, as 
well as the area around the central canal. Figure 5B shows 
an example of a 40 * magnification of the labeled spinal 
cord cells in the superficial laminae of the dorsal horn. 
The fluorescence is seen in the cytoplasm of the labeled 
cells, while nuclei typically appear as dark, unlabeled 
areas in the center of these cells. The localization of the 




Figure 5 

AlexaFluor546-tagged siRNA uptake in lumbar DRG 
(A, C, E) and spinal cord (B, D, F). Vehicle (10 uL) (C, 
D), siRNA with vehicle (2 ug/ 10 uL) (A, B), or siRNA with- 
out vehicle (2 ug/ 10 uL of aqueous annealing buffer) (E, F) 
was given intrathecal^ as a single injection. Tissues were har- 
vested and processed 24 hr later. Images of the DRG were 
taken using a 20* objective lens and that of the spinal cord 
taken using a 40* objective lens. In all the fluorescence 
labeled cells, the labeling was punctate and peri-nuclear, and 
labeling intensities varied among cells. In the spinal cord (B), 
labeled cells were distributed widely in both the dorsal horn 
and the ventral horn. The images in B, D, F were taken from 
laminae l/ll of the dorsal horn. Scale bar for the DRG images 
shown in panel E is 50 urn; scale bar for the spinal cord 
images shown in panel F is 25 urn. 



fluorescence strongly suggests that the labeling is 
intracellular and thus due to the uptake of the tagged 
siRNA by the DRG and the spinal cord cells. Autofluores- 
cence of the tissue sections was negligible under these 
imaging conditions when tissue sections from vehicle- 
injected rats were analyzed (Fig. 5C, D). Notably, when 
fluorescence-tagged siRNA was delivered into rats without 
i-Fect™, its uptake in the lumbar DRG (Fig. 5E) as well as 
in the lumbar spinal cord (Fig. 5F) was extremely poor. 
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Figure 6 

MOR-immunoreactivity in the dorsal horn of the spi- 
nal cord after vehicle, siRNA (to DOR) or mismatch 
(MM) RNA treatment. The MOR immunoreactivity is 
predominantly localized to laminae l/ll of the dorsal horn. No 
significant difference in the immunoreactivity for MOR was 
seen among the 3 treatment groups. Tissue taken 72 hours 
after the last siRNA injection (siRNA recovery) also showed 
similar MOR immunoreactivity as the control groups. Each 
image is representative of multiple sections processed from 3 
rats used in each group. The sections used in this figure and 
those used for DOR labeling shown in Figure 4 were from 
the same animals. 



siRNA to DOR did not alter the function or expression of 
MOR 

In vehicle-pretreated rats, DAMGO (0.5 pg) produced 66 
± 16% MPE, which is consistent with that previously pub- 
lished [20]. Neither siRNA to DOR, nor mismatch RNA 
treatment, had any effect on intrathecal DAMGO antino- 
ciception when compared with the vehicle control (79 ± 
11% MPE, 73 ± 10% MPE, respectively to 66 + 16% MPE; 
P > 0.05). There was also no significant difference in the 
MOR immunoreaaivity in the dorsal hom of the spinal 
cord between siRNA mismatch RNA, and vehicle treated 
groups (Fig. 6). 

Discussion 

The advances made recently toward the in vivo applica- 
tions of RNAi in vertebrate systems are critical towards 
developing siRNA as therapeutics [21-23]. These in vivo 
applications, however, do not yet apply to central nervous 
system function because siRNA do not readily cross the 
blood brain barrier (BBB) via systemic delivery. Because 
drugs may bypass the BBB by delivering them directly into 
the CSF, such delivery routes may be exploited in order to 
determine whether neurons and other cells in the nervous 
system may be amenable to RNAi by siRNA in vivo. Two 
recent reports used intrathecal delivery to prevent 
hypoxia-induced expression of brain derived neuro- 
trophic factor in the spinal cord [ 14], or to knockdown the 
expression of the purinergic receptor subtype, P2X3, in 



sensory primary afferent [15]. While both studies demon- 
strated that siRNA attenuated the intended gene target, the 
former was a short intervention (3.5 hr) while the experi- 
mental subject was under general anesthesia, whereas the 
latter required very high concentration and continuous 
infusion of siRNA (400 ug/day for up to 7 days) to elicit a 
modest knockdown of the target. It is not clear whether 
the high dose of siRNA needed to effect reflects an ineffi- 
cient RNAi mechanism in neurons or whether the modu- 
lation of gene function cannot be sustained over time. 

Our data show that in the presence of a suitable transfec- 
tion agent, the siRNA to the DOR is highly effective at a 
low concentration of 2 pg, or 0.14 nmol, given once a day. 
This dose is 23 times lower than the amount of antisense 
ODN required to elicit a knock down of the DOR as pre- 
viously published [18], and is substantially lower than the 
effective dose reported for the knock down of the P2X3 
receptors in the DRG [15]. The siRNA treatment delivered 
without the transfection reagent was without effect, sug- 
gesting that the transfection reagent significantly 
enhanced the uptake of the siRNA into target cells, as ver- 
ified by the detection of fluorescence uptake of spinal cord 
and DRG tissues after injecting the tagged siRNA. This 
observation is consistent with recent evidence that the 
uptake of siRNA by neurons in culture is likely a key lim- 
iting step in the siRNA mediated gene silencing [12]. The 
amount of RNA delivered as a bolus dose in transfection . 
reagent tends to be limited by the solubility of the RNA. 
The transfection reagent used in the present study was i- 
Fect™, which is a cationic lipid mixture that has been opti- 
mized for the delivery of short oligonucleotides in vitro 
[24]. This reagent was chosen for the present study 
because the RNA/lipid complexes remain in suspension at 
a fairly high concentration in a volume that is suitable for 
intrathecal delivery. A maximum of 2 pg of RNA can be 
given in a 10 uX injection volume. Should a daily dose of 
>2 pg is desired, the delivery can be adjusted by giving 
multiple doses. 

A significant knockdown of DOR transcripts by siRNA 
treatment is consistent with the proposed mechanism of 
action of RNAi [25,26]. In this regard, the knockdown of 
the DOR transcripts was observed in both the dorsal hom 
of the spinal cord as well as the lumbar DRG, demonstrat- 
ing that the siRNA interferes with the synthesis of both the 
presynaptic and the postsynaptic populations of DOR, 
which is also highly consistent with the uptake pattern of 
the tagged siRNA. The effects of siRNA culminate in a 
significant reduction of DOR immunoreactivity and lig- 
and binding capacity in the superficial laminae of the 
dorsal horn of the spinal cord where the functional recep- 
tors are predominantly located. The loss of functional 
DOR is evident by the loss of antinociceptive activity of 
the DOR selective agonist, DELT, given intrathecal ly. 
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Together, these results justify our conclusion that we have 
established an effective method for delivering siRNA that 
interferes efficiently with the expression and function of 
target genes in both the peripheral nervous system (i.e., 
sensory primary afferent) and the central nervous system 
(i.e., spinal cord). 

The use of a mismatch RNA confirms the specificity of the 
siRNA sequence for the DOR. The siRNA treatment had 
no effect on the expression or the function of the highly 
homologous receptor type, MOR, further supporting the 
target specificity of the siRNA employed here. Finally, the 
effect of the siRNA is fully reversible; thus the observed 
effects of the siRNA are specific to the use of siRNA, and 
the treatment paradigm does not precipitate any long- 
term effects due to toxicity such as motor impairment. 
This paradigm can be easily adjusted for dosage and dura- 
tion of treatment, and is based on a well-established, 
relatively non-invasive method of drug delivery that has 
general applications for spinal and peripheral targets. The 
reagents required are minimal and economical, and can 
be adapted for other gene targets. Our findings support 
the hypothesis that siRNA can be effectively applied to 
modulate nervous system function. The significant knock- 
down of the target transcripts in both the DRG and the 
spinal cord conforms with the established mechanism of 
siRNA mediated gene silencing, and is consistent with the 
uptake of siRNA seen in both the peripheral neurons (i.e. 
DRG) and the central nervous system (i.e., spinal cord). 
The low dose of siRNA further suggests that the efficacy of 
RNAi depends critically on the efficient delivery of the 
siRNA to the target tissues. Unlike antisense oligodeoxy- 
nucleotides, siRNA may be delivered systemically [23]. 
Thus, chemical modifications that enhance systemic sta- 
bility and facilitate siRNA transport across the BBB or the 
uptake of siRNA by neurons would greatly advance the 
potential of siRNA as therapeutic. 

Methods 

siRNA preparation 

The siRNA sequence for the DOR (accession no. U00475, 
the only gene sequence that is defined as delta opioid 
receptor to date) was from nucleotides 364 to 384 relative 
to the start codon. The sequences were as follows: sense 5'- 
GGCUGUGCUCUCCAUUGACUU-3'; antisense 5'- 
GUCAAUGGAGAGCACAGCCUU-3 ' . A scrambled 
sequence was designed as a mismatch control: sense 5'- 
GGCGUGUCUCUCUUACGACUU-3' and antisense 5'- 
GUCGUAAGAGAGACACGCCUU-3 ' . BLAST search of the 
nucleotide sequences in the GenBank database showed 
no substantial homology with other genes. These 21- 
nucleotide RNA oligonucleotides were synthesized indi- 
vidually, deprotected and purified by RNase-free HPLC 
(Midland Certified Reagent Company). siRNA and mis- 
match RNA duplexes were formed in a concentration of 



200 uM in annealing buffer as described [4] for 3 min at 
90°C followed by 1 h at 37°C. The siRNA stocks were 
aliquoted and stored at -80 "C. For fluorescence labeling 
of the siRNA, AlexaFluor 546 was conjugated at the 5' end 
of the sense strand by solid phase synthesis and the tagged 
siRNA was purified by HPLC (Qiagen) and resuspended 
to a concentration of 200 U.M in annealing buffer. 

In vitro analysis of knock down of DOR in NGI08-IS cells 
by the siRNA 

NG108-15 Cells were cultured in 5% fetal calf serum/ 5% 
newborn calf serum/ 45% Ham's F-12/ 45% DMEM/ 100 
U mL' 1 penicillin/ 100 ug mL -1 streptomycin (Invitrogen). 
Cells were maintained in 75 cm 2 flasks in a humidified 
atmosphere with 95% air and 5% C02. For experiments, 
cells were seeded in 6-well plates at 3 * 10 5 cells/well 24 
hr before the siRNA treatment. Ceils were transfected with 
2 u.g of siRNA/i-Fect™ complexes in 1:4 ratio (w/v) per 
well. Forty-eight hours after transfection, cells were har- 
vested and total RNA was isolated. DOR transcripts were 
detected by real-time RT-PCR (see below). 

Quantitative RT-PCR 

Total RNA was isolated from the lumbar dorsal spinal 
cord, the L4 and L5 dorsal root ganglia using Aurum™ 
total RNA mini kit (Bio-Rad). Quantitative RT-PCR was 
performed using the iCycler iQ Multicolor Real-Time PCR 
Detection System with iScript cDNA Synthesis Kit and iQ 
SYBR Green Supermix (Bio-Rad). All samples were run in 
triplicate using an annealing temperature of 60 °C. Prim- 
ers for the amplification of DOR were: forward primer: 5'- 
GTTCACCAGCATCTTCACG -3'(nuc. 396~414); reverse 
primer: 5'-TGCATACCACTGCTCCATC -3'(nuc. 
577~595). That for GAPDH were: forward primer: 5'- 
ATCATCCCTGCATCCACTG-3'(nuc. 610~628); reverse 
primer: 5'-GCCTGCTTCACCACCTTC -3'(nuc. 771-788). 
All primers were synthesized by Midland Certified Rea- 
gent Company, Inc. PCR efficiencies for DOR and 
GAPDH were 97% and 98%, respectively, with correlation 
coefficient of 0.999. Expression of DOR was normalized 
to expression of GAPDH. The differences of DOR mRNA 
expression between treatments were analyzed using the 
Comparative Cy Method (ABI Prism 7700 Sequence 
Detection System User Bulletin #2, pi 1-15, 2001). The 
threshold cycle (Cj) is defined as the cycle at which the 
amount of amplified PCR product from the target cDNA 
reaches a fixed threshold. In each treatment, ACj = Cp for 
the target, DOR - C,- for the endogenous reference, 
GAPDH. AAC T = ^C Tittaamm - ACr, conuo \. The equation, 2" 
Mcr , denotes the ratio of the level of DOR transcripts in 
the treated group and that of the control group. This 
number is converted to percent of control, where control 
is set at 100. 
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Animal surgery and RNA administration 

Male Sprague-Dawley rats, weighing between 200-220 g, 
were used in these experiments. All the procedures used in 
these experiments have been approved by the Institu- 
tional Animal Care and Use Committee. Rats were 
implanted with intrathecal (i.th.) catheters and allowed 7 
days to recover from surgery prior to treatment. The rats 
were divided into siRNA, mismatch RNA and vehicle 
groups, with at least 6 rats per group. siRNA or mismatch 
RNA complexes were prepared immediately prior to 
administration by mixing the RNA solution (200 uM in 
annealing buffer) with a transfection reagent, i-Fect™ 
(Neuromics), in a ratio of 1:4 (w:v) [24]. At this ratio, the 
final concentration of RNA as an RNA/lipid complex was 
2 Ug in 10 uL. siRNA or mismatch RNA, or i-Fect™ alone 
(defined as vehicle) in 10 uL was delivered to the lumbar 
region of the spinal cord via the i.th. catheters. Injections 
were given daily for 3 consecutive days. Nociceptive test- 
ing and tissue harvest were carried out at 24 hr and 72 hr 
after the last injection. The fluorescence tagged siRNA was 
mixed with i-Fect™ and injected in the same manner as for 
the untagged RNA, except that only one injection was 
given and tissue harvested 24 hr later. 

Noc/cept/vre testing 

Radiant heat paw withdrawal test using a movable infra- 
red light source was employed as the nociceptive stimu- 
lus. The experimenter who conducted the nociceptive 
testing was blinded to the pretreatment of the experimen- 
tal groups. The baseline latency for withdrawal of the left 
hindpaw was recorded from the experimental animals 24 
hr prior to RNA or vehicle administration. Twenty-four hr 
following the last injection, the baseline latency was 
recorded again. The rats then received either 30 u.g of [D- 
Ala 2 ]deltorphin II (DELT) or 0.5 ug of [D-Ala 2 , N-Me- 
Phe 4 , Gly-ol 5 ]enkephalin (DAMGO) (Sigma) 
intrathecally and the thermal latency were measured at 
15-min interval over 60 min. A maximal cutoff latency of 
33 s was used to prevent potential tissue injury. The % 
antinociceptive effect of DELT or DAMGO was defined as: 
[(treatment-baseline)/(cutoff-baseline)] * 100. The test- 
ing was repeated at 72 hr after the last injection. 

Saturation analysis of DOR fay [ 3 H]naltrindole 

Crude membranes were prepared from the lumbar dorsal 
spinal cords pooled from the rats in each treatment group, 
resuspended in 50 mM Tris buffer, pH7.2, and the protein 
content measured as previously described [18]. Saturation 
analysis of [ 3 H]naltrindole (20 Ci/mmol, PerkinElmer) 
was carried out using 10 concentrations of [ 3 H]naltrin- 
dole (31.3 pM to 5 nM), done in triplicates, incubated 
with 50 u.g of membranes per assay tube in 0.5 mL buffer, 
at a total volume of 1 .0 mL, in a shaking water bath at 
25 °C for 3 hr. Non-specific binding of the radioligands 
was defined by that in the presence of 10 uM naloxone. 



The reactions were terminated by rapid filtration through 
Whatman GF/B filters, followed by five washes with 4 mL 
of ice-cold saline. The radioactivity was determined by liq- 
uid scintillation counting. Data were analyzed by non-lin- 
ear least squares regression analysis using GraphPad 
Prism 4 (GraphPad software). 

Immunohistochemical analysis of DOR and MOR and 
fluorescence imaging 

Rats were deeply anesthetized with ketamine HCl/xyla- 
zine (Sigma). The heart was exposed and transcardially 
perfused with 10 mM sodium phosphate-buffered saline 
(PBS, pH 7.4) until exudate ran clear, then switched to 
10% buffered formalin for a further 15 min. Lumbar spi- 
nal cords and the L4 and L5 DRG were isolated and post- 
fixed in 10% buffered formalin for 24 hr and cryopro- 
tected with 30% sucrose in 10 mM PBS. After pre-blocking 
with 10% normal goat serum (Vector Laboratories), fron- 
tal sections (20 urn) of the spinal cord were incubated 
with either a rabbit anti-rat primary antibody for DOR 
(1:2000) or a rabbit anti-rat primary antibody for MOR 
(1:5000) at 4°C for 48 hr (both antibodies were from 
Neuromics). Slides were rinsed with 2.5% normal goat 
serum/PBS and then incubated with a secondary antibody 
(AlexaFluor 594-conjugated goat anti-rabbit IgG (1:1000, 
Molecular Probes) for 1 hour at room temperature. Slides 
were again rinsed 3 times with the same buffer, dried, and 
mounted for microscopy. Fluorescent imaging of the sam- 
ples was carried out using Nikon E800 fluorescence 
microscope equipped with 10x, 20x and 40xobjective 
lenses and standard filters for Y-2E/C TX RED, coupled to 
a Hamamatsu C5810 color CCD camera (Hamamatsu 
Photonic System) for digital image acquisition using 
Adobe Photoshop software on a PC workstation. The 
same system was used for the imaging of slide mounted 
lumbar spinal cord and L4/L5 DRG (20 um longitudinal 
sections) from animals that have been injected with the 
tagged siRNA except that the filters forTRITC was used. 

Statistical analysis 

Significant differences among paw withdrawal latencies at 
30-min time point after DELT or DAMGO injection were 
determined by ANOVA followed by the post hoc least sig- 
nificant differences test. Unpaired t-test was used for all 
other between group comparisons. 

Abbreviations 

RNAi RNA interference 

siRNA Small interfering RNA 
MM RNA Mismatch RNA 
i.th. Intrathecal 
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DOR Delta opioid receptor 



DELT [D-Ala 2 ]deltrophin II 



MOR Mu opioid receptor 



DAMGO [D-Ala 2 , N-Me-Phe 4 , Gly-ol 5 ]enkephalin 



DRG Dorsal root ganglia 
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Abstract 

Background: Several lines of evidence strongly suggest that agouti-related peptide (AGRP) plays 
a key role in the regulation of metabolic function but ablation of the AGRP gene has no apparent 
effect on metabolic function. Since specific pharmacological antagonists of AGRP do not presently 
exist, we assessed if reduction of hypothalamic AGRP mRNA by RNA interference (RNAI) would 
influence metabolic function, an outcome suggesting that pharmacological antagonists might 
constitute useful reagents to treat obesity. 

Results: The RNAI protocol specifically reduced hypothalamic expression of AGRP mRNA by 50% 
and resulted in reduction of AGRP peptide immunoreactivity. Physiologically, the reduction in 
AGRP levels was associated with increased metabolic rate and reduced body weight without 
changes in food intake. 

Conclusion: AGRP can function to increase body weight and reduce metabolic rate without 
influencing food intake. The present study demonstrates that RNAI protocols can be used to assess 
physiological function of neuronal genes in vivo. 



Background 

Agouti-related peptide (AGRP) gene expression is elevated 
by fasting and in obesity due to leptin insufficiency [1,2], 
while reversal of obese phenotypes by adrenalectomy re- 
verses the elevation of AGRP mRNA [3 J. Injections of syn- 
thetic analogs of AGRP, and of AGRP itself, also stimulate 
food intake and body weight [4,5]. Together with the ob- 
servation that transgenic over-expression of the AGRP 



gene leads to hyperphagia and obesity [1], these data sug- 
gest that antagonism of AGRP may reduce food intake and 
body weight, thus potentially serving as a therapy for 
obesity. 

RNAI produces sequence-specific reduction of gene ex- 
pression in various mammalian in vitro- systems [6] and 
most recently, RNAI was shown to suppress the expression 
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a. Synthetic siRN A against AGRP: 

5'-CUGAGUUGUGUUCUGCUGUUGTT-3' 
3'-TTGACUCAACACAAGACGACAAC-5' 



b. Representative Northern blot bands 
GFPi AGRPi 
(cont'I) (exp't) 




GFPi AGRPi 
(cont'I) (exp't) 



or neuronal function in mammals has not yet been dem- 
onstrated. 

Here we show, using both small interfering RNA (siRNA) 
particles and the plasmid based RNAI delivery system, 
pSUPER-RNAI, that decreasing endogenous hypothalam- 
ic AGRP levels in the central nervous system leads to sig- 
nificant physiological responses including an increase in 
metabolic rate and a decrease in body weight. 

Results and Discussion 

Effects of small interfering RNA particles against AGRP 

SiRNA particles against both AGRP and GFP were de- 
signed based on reports by Elabashir et al. [6] (Fig. la). In- 
jection of these siRNA particles into the arcuate nucleus of 
the hypothalamus reduced AGRP mRNA about 50% 24 
hours after injection, compared to the control group in- 
jected with siRNA particles targeted to GFP (Fig. lb and 
lc). The 50% decrease in expression level is similar to pre- 
viously reported effects of RNAI to reduce gene expression 
from 40-80% both in vitro\6] and in vivo[7] in mammali- 
an systems. Since the construct targeted to AGRP reduced 
AGRP expression relative to the construct targeted to GFP, 
this result indicates specific down-regulation by the AGRP 
RNAI construct. 



Figure I 

Small interfering RNA (siRNA) particles decreases AGRP 
mRNA. (a) Synthetic siRNA particle designed against AGRP 
mRNA. (b) Representative bands from the Northern blot 24 
hours after injection shows decreased levels of AGRP mRNA 
in the group injected with AGRP-siRNA particle compared 
to the control GFPi-siRNA injections, (c) Quantification of 
the Northern blot results yields a statistically significant 
decrease in expression of 50% with the AGRP-siRNA parti- 
cle. Data are expressed as a mean percentage ± SEM of GFP- 
siRNA levels (n = 1 6; p< 0.05). 



and activity of a luciferase transgene in adult mice [7], sug- 
gesting that RNAI may become a valuable molecular and 
possibly clinical tool for use in vivo. A major advantage of 
RNAI over a similar protocol, using antisense oligonucle- 
otides, is that the use of antisense oligonucleotides to as- 
sess chronic effects requires constant or repetitive 
infusion, is expensive and generally impractical for more 
than a few days. In contrast, RNAI can be used to study 
long-term phenotypes (including body weight and mem- 
ory functions) due to the development of a DNA plasmid- 
based system to deliver short double-stranded RNA se- 
quences in vivo[8]. While RNAI has been extensively used 
to assess physiological functions of specific genes in C. el- 
egans and Drosophila [9,10] and a single recent paper has 
reported that RNAI can reduce gene expression in vivo (in 
liver) [7], the applicability of RNAI to assess physiological 



The decrease in AGRP mRNA was associated with a strik- 
ing increase in metabolic rate. Both heat production (Fig. 
2a; p < 0.0001) and oxygen consumption, V0 2 (Fig. 2b; p 
< 0.0003) were elevated one day after infusion of the 
AGRPi construct. Metabolic rate continued to be elevated 
during day 2 (heat production p < 0.0001; V0 2 p < 
0.0494). However, by 3 days after infusion, metabolic rate 
returned to control levels. This result indicates that AGRP 
normally arts to reduce metabolic rate, consistent with 
conclusions from indirect evidence based on pair-fed ani- 
mals treated with AGRP [ 1 1 ] . 

The decrease in AGRP mRNA and increase in metabolic 
rate was associated with a trend to decrease body weight, 
but this effect was not significant over the 48 hours after 
injection (body weight loss of -1.72 + 0.66 g for the GFPi 
control mice compared to a loss of -2.85 + 0.52 g for the 
AGRPi mice). Surprisingly, decrease in AGRP mRNA did 
not significantly influence food intake compared to con- 
trols (mean intake of 5.0 ± 0.7 g/day for the GFPi control 
mice compared to 5.3 ± 0.6 g/day for the AGRPi mice). 
Since both the AGRPi and the control GFPi mice were still 
recovering from the effects of the surgery and anesthesia at 
48 hours, it is not surprising that the effects on body 
weight were not statistical at this time. Nevertheless the 
lack of an effect on food intake was unexpected since treat- 
ment with synthetic AGRP peptides has profound effects 
on food intake [4,5]. 



Page 2 of 6 
(page number not for citation purposes) 



BMC Neuroscience 2002, 3 http://www.biomedcentral.eom/1471-2202/3/18 



a. 




Time (00:00hr) 




17:00 00:00 10:00 

Time (00:00hr) 



Figure 2 

Decreasing AGRP levels with siRNA increases metabolic 
rate, (a) Heat production for AGRP-siRNA injected mice 
was found to be significantly and dramatically elevated one 
day following surgery compared to the control injected GFP- 
siRNA mice (n = 16; p < 0.0001). (b) Oxygen consumption, 
V02, was also significantly elevated one day after surgery for 
mice injected with the AGRP-siRNA particles (n = 16; p < 
0.0003). 



Effects of the plasmid based RNAI protocol against AGRP 

Since it was anticipated that double-stranded RNAI parti- 
cles, like antisense oligonucleotides, would produce only 
very transient reduction in mRNA levels, and indeed the 
effect on physiological function was only transient, we 
next assessed effects of AGRP RNAI using a plasmid-based 
system, pSIIPER [8] (Fig. 3a), which leads to the transcrip- 
tion of a short double stranded RNA product with a hair- 
pin loop in vivo. Using luciferase as a reporter we observed 
that liposome-mediated transfection of plasmids into 
brain parenchyma allows significant gene expression for 
more than one week after infusion [12]. Transfection of 
neurons in the arcuate nucleus of the hypothalamus led to 
a decrease in AGRP peptide immunoreactivity, whereas 
transfection with the control plasmid targeted to GFP had 



no effect on AGRP immunoreactivity (Fig. 3b, 3c). The ef- 
fect of RNAI to reduce AGRP gene expression was there- 
fore also associated with decreased expression of the 
AGRP peptide. 

The persistent effect of the pSUPER vector to reduce the 
levels of AGRP peptide was associated with a significant 
reduction in body weight that persisted over six days (Fig. 
4a; p < 0.0001). While the control group recovered body 
weight initially lost due to surgery, the pSUPBR-AGRPi 
group did not regain the body weight lost. In contrast, as 
with the double-stranded RNAI construct, infusion of the 
plasmid-based AGRP RNAI construct did not significantly 
reduce food intake compared to infusion of the plasmid- 
based GFP RNAI construct (Fig. 4b; p = 1.6992). Food in- 
take was minimal immediately following surgery, howev- 
er, both groups of mice recovered to consume four to five 
grams of food per day. The loss of body weight, without 
changes in food intake is consistent with increases in met- 
abolic rate observed with the siRNA protocol. This result 
supports the hypothesis that tonic hypothalamic AGRP re- 
duces metabolic rate independent of food intake, and in- 
deed that metabolic rate may be even more dependent on 
AGRP tone than is food intake. 

Conclusions 

In summary, the present report represents the first demon- 
stration that RNA interference can be used to reduce ex- 
pression of an endogenous gene in adult mammals. This 
protocol has allowed us to assess the physiological func- 
tion of an endogenous neuronal gene. This study also di- 
rectly indicates that hypothalamic AGRP regulates 
metabolic rate. The observation that reduction of AGRP 
mRNA would produce more profound effects on metabol- 
ic rate than on food intake was surprising since infusion 
of AGRP peptide produces profound effects on food in- 
take [4,5). However, since neither AGRP mRNA nor pep- 
tide was completely ablated, it seems likely that effects on 
food intake would become more apparent with a more 
dramatic manipulation. Although ablation of the AGRP 
gene was reported to have no effect on metabolic pheno- 
type [13], our results suggest that complete ablation of the 
gene may have produced metabolic compensation. Thus 
reducing (but not ablating) AGRP expression in adult 
mice may have identified a metabolic role for AGRP not 
apparent from complete ablation of the gene, suggesting 
that agents antagonizing the effect of AGRP may be useful 
to treat obesity without producing unacceptable loss of 
appetite. Consistent with previous findings in mammali- 
an systems [6-8] and unlike other systems such as G. ele- 
gans and Drosophila [9,10], RNAI reduced but did not 
eliminate expression of AGRP. However, improvements 
in delivery systems, especially in conjunction with viral- 
based gene transfer protocols [14], could result in greater 
and even longer-term reduction of target gene expression 
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Figure 3 

pSUPER-AGRPi construct decreases AGRP 
ity. (a) Overall design of the pSUPER-RNAI plasmid con- 
struct targeted against AGRP and the predicted transcript 
with the hairpin loop, (b and c) Immunocytochemistry of 
fasted mice transfected with the (b) control pSUPER-GFPi 
vector compared to (c) mice transfected with the pSUPER- 
AGRPi vector shows decreased AGRP immunoreactivity 
with the RNAI plasmid construct targeted to AGRP. 



p<0.0001 




0 Days post injection 6 



Figure 4 

Decreasing AGRP levels by pSUPER-AGRPi 
decreases body weight (a) Mice transfected with the pSU- 
PER-AGRPi construct shows persistent loss of body weight 
after transfection while the mice transfected with the control 
vector recover body weight over a course of six days (n = 
1 4; p < 0.000 1), (b) pSUPER-RNAI targeted to AGRP has no 
effect on mean daily food intake (n = 1 4; p = 1 .6992). 



suggesting that RNAI will prove to be a useful tool to as- 
sess physiological functions of mammalian genes in vivo, 
especially those expressed in the brain, as RNAI has been 
so useful in functional mapping of genes in non-mamma- 
lian systems. 

Methods 

Animal and RNAI protocols 

The appropriate Institutional Animal Review Board had 
approved all studies. To study the effects of RNAI, C57B1/ 
6J mice retired breeders were obtained from The Jackson 
Laboratory (Bar Harbor, ME). Mice were individually 
housed with free access to food and water under 12; 12 h 
light-dark cycle (lights on at 07:00 h). Stereotaxic surgery 
was performed under anesthesia (2.5% 2-2-2-tribro- 
moethanol, 0.015-0.017 ml/g body weight, i.p.). The 
RNAI constructs were injected bilaterally using a 1 ul 
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Hamilton syringe placed on a stereotaxic frame into the 
following coordinates from bregma: anterior-posterior - 
0.12; lateral ± 0.02; vertical -0.6. Double-stranded siRNA 
particles to reduce expression of AGRP were designed 
based on Elbashir et al. [6] (Fig. la). The siRNA oligonu- 
cleotides were designed from the beginning of exon 1 of 
both AGRP and GFP genes and ordered gel-purified and 
annealed from Oligos Etc. (Wilsonville, OR). SiRNA par- 
ticles were re-suspended in Rnase-free water to a concen- 
tration of 1 raM and 0.5 ul was injected over 2 minutes by 
stereotaxic surgery bilaterally. The pSUPER-RNAI plasmid 
constaicts were re-suspended in lipofectin (Invitrogen 
Corp. Carlsbad, CA) to a concentration of 1 ug/ul, and 1 
ul of the mixture was injected bilaterally over five minutes 
using the same coordinates as for the siRNA particles. 
Body weight and food intake was monitored daily. 

Metabolic rate was monitored continuously by indirect- 
calorimetry for three days following surgery. Air from each 
cage was sampled every five minutes, and oxygen and car- 
bon dioxide concentrations from each sample were meas- 
ured independently. From the change in oxygen, V0 2 or 
oxygen consumption can be calculated after normalizing 
to body weight. Heat production can then be calculated 
using the following formula: Heat (cal/hour) = 
((4.33+0.67 x (VC0 2 /V0 2 )) x V0 2 x (Body weight) x 
60). Therefore, the parameter V0 2 is normalized to body 
weight, whereas heat production is not normalized to 
body weight. 

For Northern blot analysis, all mice were sacrificed toward 
the end of the light period (between 17:00 and 19:00 h) 
by decapitation after a brief exposure to carbon dioxide. 
Brains were quickly removed and the hypothalamus was 
dissected out, frozen on dry ice and stored at -70°C until 
use. For immunocytochemistry, mice were perfused with 
cold PBS followed by 4% paraformaldehyde. Brains were 
removed, post-fixed in paraformaldehyde then preserved 
in 30% sucrose solution for 48 hours. 

Northern blot analysis 

Total RNA was extracted from tissue using TRIzol (G1BCO 
BRL, Gaitherburg, MD). Concentration of the samples 
were measured by UV spectrophotometer and normalized 
to 1 ug/ul. Uniform concentration and integrity of the 
samples were verified by agarose gel electrophoresis prior 
to Northern blot analysis. Six micrograms of total RNA 
from hypothalamus was subjected to Northern blot anal- 
ysis, as described previously, to measure AGRP mRNA 
[15,16,2,3]. Briefly, RNA was denatured by incubating 
with glyoxal and dimethyl sulfoxide for 1 hour at 50°C 
and separated on a 1.5% agarose 10 mM NaP0 4 (pH = 
7.0) gel for 1 hour at 100 V. The RNA was then transferred 
to an Immobilon S (Millipore) membrane by capillary 
elution overnight in 20 x standard saline citrate (SSC) 



buffer. Membranes were briefly washed in 6 x SSC, baked 
at 80°C and cross-linked by UV light. The membranes 
were prehybridized in Ultrahyb buffer (Ambion) at 68°C 
for 2 hours and hydribized overnight with 3.5 x 10 6 DPM/ 
ml of probe at 42°C. The blots were probed with single- 
stranded internally labeled DNA probe as described previ- 
ously [ 17]. The membranes were washed twice in 1 x SSC/ 
0.1% SDS solution for 15 minutes at room temperature, 
followed by 0.1 x SSC/0.1% SDS solution for 15 minutes 
at room temperature twice and then for 3 hours at 42°C. 
The membranes were then exposed to phosphoimager 
screen overnight. The total integrated densities of hybrid- 
ization signals were determined by phosphoimager 
(STORM 860, Molecular Dynamics, Sunnyvale, CA). To 
monitor RNA loading, membranes were re-probed and 
hybridized with a 32 P-labeled probe encoding 18S ribos- 
omal RNA. 

Immunocytochemistry 

Cryopreserved brains were cut to a thickness of 30 um in 
a cryostat at -20°C and stored in PBS-B buffer (10 mM 
P0 4 in 0.9% NaCl) containing 0.1% sodium azide at 4°C. 
Immunocytochemistry was performed with a rabbit poly- 
clonal primary antibody to AGRP peptide diluted 1 to 
10,000 (Phoenix Pharmaceuticals, Belmont, CA) fol- 
lowed by Vectastain ABC kit (Vector Laboratories, Burlin- 
game, CA). The immunoreactivity was visualized with the 
Vector VIP kit (Vector Laboratories, Burlingame, CA). Sec- 
tions were mounted on microscopic slides, air-dried and 
cover slipped with VectaMount (Vector Laboratories, Bur- 
lingame, CA). 

Statistical Analysis 

Statistical analysis for the Northern blot was performed by 
student's t-test, using the JMP statistical package imple- 
mented on the Macintosh operating system. A p-value of 
less than 0.05 was considered significant. For the analysis 
of the metabolic cage data, a two-way ANOVA (time x 
RNAI construct) was performed using the JMP statistical 
package. For analysis of food intake and body weight, a 
two-way ANOVA (time x RNAI construct) followed, 
where indicated, by student's t-test (p < 0.05 was consid- 
ered significant) was performed to compare each inde- 
pendent time point. 
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Inhibition of HPV 16 E6 oncogene expression 
by RNA interference in vitro and in vivo 

X.-Y. NIU*, Z.-L. PENG*, W.-Q. DUANf, H. WANG* & P. WANG* 

department of Obstetrics and Gynecology, Sichuan University Huaxi the Second Hospital, Chengdu, 

Sichuan Province, China; and fDepartment of Burn and Plastic, Huaxi Hospital of 

Sichuan University, Chengdu, Sichuan Province, China 

Abstract. Niu X-Y, Peng Z-L, Duan W-Q, Wang H, Wang P. Inhibition of HPV 16 E6 oncogene expression 
by RNA interference in vitro and in vivo. Int J Gynecol Cancer 2006;16:743-751. 

Substantial studies have demonstrated that the initiation and progression of cervical cancer were closely 
associated with human papillomavirus (HPV) E6 and E7 oncogenes. The therapeutic strategy with ribozyme 
or antisense oligonucleotides to inhibit the expression of HPV E6 or E7 oncogenes showed effect to some 
degree, but problems such as low efficiency, short-period maintenance, and high cost still remain. The aim 
of this study was to investigate in vitro and in vivo the effect of HPV 16 E6 small interfering RNA (HPV 
16 E6 siRNA) on cervical cancer cell line CaSki cells. The specific siRNA of HPV 16 E6 was synthesized 
and transfected into CaSki cells by liposome. The number of apoptotic cells, HPV 16 E6 messenger RNA 
(mRNA) level, and E6 protein expression were measured before and after the transfection by flow 
cytometry, reverse transcriptase-polymerase chain reaction, and Western blot, respectively. Cervical cancer 
in nude mice was established, and siRNA was injected directly into the nude mice peritoneal cavity or sub- 
cutaneous tumor. The efficiency of siRNA was evaluated by tumor volume change, HPV 16 E6 protein 
expression, and apoptosis of tumor cells. Apoptosis rate of CaSki cells at days 1, 2, 5, and 9 after siRNA 
transfection were 7.7%, 11.8%, 37.4%, and 12.6%, respectively. The mRNA level of HPV 16 E6 at the same 
time points were reduced by 77%, 83%, 59%, and 41%, respectively. But the mRNA level of p-actin, as an 
internal control, showed no significant change. The inhibition rates of E6 protein synthesis at days 1, 2, 5, 
and 9 after the transfection were 79.7%, 80.4%, 71.3%, and 57.4%, respectively, whereas the protein levels of 
Lamin A/C, as internal control, had no change. In vivo, E6 siRNA administration groups showed a dramatic 
effect in inhibiting tumor growth, suppressing expression of E6 protein, and inducing tumor necrosis and 
apoptosis as compared with the control group. Direct injection of siRNA into subcutaneous tumor resulted 
in tumor suppression effect similar to that via the peritoneal cavity, and with additional injection better 
results could be achieved in cervical cancer CaSki cells. RNA interference exists, and the interference to 
HPV 16 E6 is specific and highly efficient both in vitro and in vivo. 

keywords: CaSki cell, cervical cancer, gene therapy, HPV 16 E6, RNA interference. 



Several studies suggested that the initiation and the 
progress of malignant progression in human cervical 
cancer were closely linked with high-risk types of 
human papillomavirus (HPV), namely HPV 16 and 
HPV 18. Among them, HPV 16/18 E6/E7 have been 
recognized as oncogenes, which could downregulate 
antioncogene p53, activate telomerase, hold the pro- 
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duction of interferon, add the integration and muta- 
tion of exogenous genes, inhibit programmed cell 
death, and make cell eternity 0 ,2) . Over recent years, 
antisense oligonucleotides of HPV E6/E7 have been 
transfected into cervical cancer cells by virus to upre- 
gulate p53, release cytochrome c into cytoplasm, acti- 
vate procaspase-9 and procaspase-3, inhibit the 
activity of telomerase, and induce cell apoptosis; as 
a result, tumor cells appear to stop dividing rapidly 
and revert to a normal state. However, this technique 
was not as good as expected, having problems such as 
low efficiency, short-period maintenance, and high 
cost' 3 " 5 '. 
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RNA interference (RNAi) has recently been recog- 
nized as a powerful weapon to inhibit gene expression, 
in which double-stranded RNA targets homologous 
messenger RNA (mRNA) sequence for endonucleo- 
lytic cleavage and degradation (6,7) . This process was 
originally discovered to exist in diverse species of 
living organisms and could be inherited in non- 
mammalian system, including plants, Caenorhabditis 
elegans, and Drosophila® ,9) . Later on, a further study 
indicated that it could lead to posttranscriptional gene 
silence in mammalian system by RNA duplexes of 
21-23 nucleotides (called siRNA), and the effect was 
several orders of magnitude higher than using anti- 
sense or ribozyme (7,10_12) . RNAi distributes widely and 
specifically inhibits gene expression. It provides a sim- 
ple and cost-effective method. In addition, RNAi has 
more potential for high-throughput analysis of gene 
function in the postgenomic era (12,13> . 

However, experiences are not enough in this new 
technology. Our current study was to investigate 
whether interfering HPV 16 E6 transcription by RNAi 
could lead to the silence of the oncogene, thus reverse 
the HPV infection, and prevent or stop the progression 
of cervical cancer. 

Materials and methods 
Cell culture and transfection 

Human cervical cancer cell line CaSki (purchased 
from Classic Specimen Culture and Storage Centre in 
Wuhan University) contains about 600 copies of inte- 
grated HPV 16 genome. CaSki cells were cultured in 
Roswell Park Memorial Institute 1640 plus 10% fetus 
calf serum at 37°C in 5% C0 2 for 4-5 days and then 
trypsinized and subcultured at 5 X 10 5 cells per well 
into six-well tissue culture plates. After 48 h of culture, 
the cells were transfected with HPV 16 E6 siRNA for- 
mulated into liposomes according to the manu- 
facturer's instructions (TransMessenger™, Qiagen, 
Valencia, CA). siRNA concentration was 0.5 ug per 
well, and the final volume of culture medium was 2 
mL per well. The cells were harvested for analysis at 
days 1, 2, 5, and 9 after the transfection, respectively. 
The experiment at each time point was executed three 
times in parallel. 

Measurement of apoptosis 

Apoptotic cells at various time points indicated above, 
before, and after the transfection were identified by 
the use of flow cytometry (Elite Type, Coulter, Fuller- 
ton, CA) following the manufacturer's protocol. 



RNA preparation and mRNA quantification 

Twenty-one-nucleotide RNAs were synthesized and 
purified via polyacrylamide gel electrophoresis by 
Proligo (Paris, France). The negative control of HPV 16 
E6 siRNA was also synthesized (the nucleotide bases 
were arranged randomly and do not share sequence 
similarity with the exons of any human genes). Se- 
quences of siRNA were as follows: HPV 16 E6 sense 
strand: 5'-CUGUUGCUUGCAGUACACATT-3', anti- 
sense strand: 5'-UGUGUACUGCAAGCAACAGTT-3'; 
negative control sense strand: 5'-GUCUUGGUGUAC- 
CAUCCAATT-3', antisense strand: 5'-UUGGAUG- 
GUAC ACC AAG ACTT-3 ' . 

Total cellular RNA was extracted using the RNeasy 
Kit (Takara, Shiga, Japan). For reverse transcriptase- 
polymerase chain reaction, the Access RT-PCR System 
(Promega, Beijing, China) was used. Reverse transcrip- 
tion was carried out with 0.5 ug total RNA. For E6 
mRNA amplification, the primers 5'-TCA AAA GCC 
ACT GTG TCC TG-3' and 5'-CGT GTT CTT GAT GAT 
CTG CA-3' were used with the following parameters 
for amplification: 45 min at 48°C; 2 min at 94°C; followed 
by 40 cycles of 30 s at 94°C, 1 min at 58°C, and 2 min 
at 68°C; with the last cycle concluding with a reaction 
7minat68°C. 



Protein measurement 

The changes of protein expression at various time points 
was detected by Western blot analysis before and after 
HPV 16 E6 siRNA transfection. After the cell pellets 
were added with 1 X sodium dodecyl sulphate sample 
buffer, protein fractions obtained were resolved on 
12% sodium dodecyl sulphate-polyacrylamide gel elec- 
trophoresis gels and then the gels were electroblotted 
onto nitrocellulose membrane for visualization by im- 
munostaining. Anti-HPV 16 E6 primary antibody 
(diluted 1:500, Santa Cruz, Santa Cruz, CA) and the sec- 
ond antibody (diluted 1:1000, Santa Cruz) were used. 

Flow cytometry was used to quantify a change in 
protein expressions at days 1, 2, 5, and 9 before and 
after HPV 16 E6 siRNA transfection. 

Inhibiting rate of protein expression was calculated 
by the following formula: (1 - [the fluorescent level of 
protein after transfection-negative control] /[the fluo- 
rescent level of protein before transfection-negative 
control]) X 100%. 

In vivo studies 

Twenty female nude mice, aged 4-6 weeks, were pur- 
chased from the Animal Center of Sichuan University 



© 2006 IGCS, International Journal of Gynecological Cancer 16, 743-751 



Inhibition ofHPV 16 E6 &,. jgene expression by RNAi 745 



G: SSvsFS AND FL5V5FL3 PEAK 




Figure 1. The cellular apoptosis at various times after HPV 16 E6 
siRNA transfection (A, B, C, D represented the apoptotic peaks of 
24 h, 48 h, fifth, and ninth day after transfection). 



Huaxi Medical Center. The mice were divided into 
five groups, each of which consisted of four mice. 

A total of 5 X 10 6 CaSki cells were injected into the 
subcutaneous tissue of the right front limb of a mouse. 
Four weeks later, the tumor mass, which grew to 
approximately 2121 mm 3 in diameter, was collected 
from which pieces 2 mm in diameter were cut. Each 
piece of the tumor was transplanted into the sub- 
cutaneous tissue of a new mouse's right front limb. 
Two weeks later, the volumes of all the tumors 
reached approximately 130-150 mm 3 in diameter (the 
tumor volume was calculated by the following for- 
mula: V = n/6 X longest diameter X shortest diame- 
ter 2 ); then the injection experiments were carried out 
in each group outlined as follows. 

Control group: Two mice were given injection 
directly into peritoneal cavity, the other two were 
injected into subcutaneous tumor, and the injec- 
tion fluid was negative control siRNA 2 ng in 
a solution of 12 |iL TransMessenger Transfection 
Reagent. 

Experimental group 1: HPV 16 E6 siRNA 2 ug in 
a solution of 12 |iL TransMessenger Transfection 
Reagent was injected into the peritoneal cavity of 
the mice for 5 days and then the tumor was cut 
off for tests. 

Experimental group 2: HPV 16 E6 siRNA 2 ug in 
a solution of 12 |iL TransMessenger Transfection 
Reagent was injected into the peritoneal cavity of 
the mice for 12 days and then the tumor was cut 
off for tests. 

Experimental group 3: HPV 16 E6 siRNA 2 (ig in 
a solution of 12 uL TransMessenger Transfectior: 
Reagent was injected into the subcutaneous 
tumor of the mice for 5 days and then the tumor 
was cut off for tests. 



Figure 2. RT-PCR results of HPV 16 E6 and p-actin before and after HPV 16 E6 siRNA transfection into CaSki cells. A: RT-PCR result of p- 
actin mRNA as internal contral. Bands at 587 bp are p-actin. (A: 24 h after transfection; B: 48 h after transfection; C: 5 d after transfection; D: 
9 d after transfection; E: HPV 16 E6 siRNA negative contral; F: before transfection; M: DL2000 marker.) B: RT-PCR result of HPV 16 E6 mRNA. 
Bands at 120 bp are HPV 16 E6. (A: 24 h after transfection; B: 48 h after transfection; C: 5 d after transfection; D: 9 d after transfection; E: HPV 
16 E6 siRNA negative contral; F: before transfection; M: DL2000 marker.) 
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Figure 3. HPV16 E6 protein expressions at various times before and after E6 siRNA transfection in Western blot. Lamin A/C as the internal 
control. (C/c: 24 h after transfection; D/d: 48 h after transfection; E/e: fifth day after transfection; F/f: ninth day after transfection; A/a: E6 
siRNA negative control; B/b: before E6 siRNA transfection.) 



Experimental group 4: HPV 16 E6 siRNA 2 ng in 
a solution of 12 \xL TransMessenger Transfection 
Reagent was injected into the subcutaneous 
tumor twice, with a 5-day interval between the in- 
jections, and then 7 days after the second injec- 
tion, the tumor was cut off for consecutive tests. 
The transfection agent was dissolved in a solution 
of 500 uL Roswell Park Memorial Institute 1640 with- 
out antibiotic and serum and injected directly into 
the peritoneal cavity of the mice or the solution of 100 
[iL injected directly into the tumor. In different groups, 
we measure a tumor size on the 3rd, 5th, 10th, and 12th 
day after the injection of SiRNA and also cut off the 
tumor at day 5 or day 12 for histopathologic examina- 
tion according to the design of different groups. 

Immunohistochemistry (IHC) in tumor tissue of mice 
was carried out using biotin peroxidase complex (SAB) 



method. When doing semiquantitative analysis of HPV 
16 E6 positive cells, five images (X200) of each slide 
were collected by the CCD Camera. The index of opac- 
ity density was used as a parameter to evaluate the E6 
positive expression in different groups. Apoptosis of tumor 
cells coming from the treated mice was measured by termi- 
nal deoxynucleotidyl transferase-mediated dUTP nick-end 
labeling using In Situ Cell Death Detection Kit (Roche, 
Shanghai, China). During the process, fluorescence im- 
ages of apoptotic tumor cells were taken to calculate the 
mean apoptotic cells based on ten fields (X 100). 

Statistical analysis 

Statistical analysis was performed by using SPSS soft- 
ware (version 10.0) for t test, linear regression, correla- 
tion, and one-way ANOVA. Statistical significance 
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e 4. HPV 16 E6 protein ex- 
arious times before and 
after E6 siRNA transfection to CaSki 
cells. (A: negative control; B: E6 pro- 
tein before transfection; C: E6 protein 
at 24 h after transfection; D: E6 pro- 
tein at 48 h after transfection; E: 
E6 protein at fifth day after transfec- 
tion; F: E6 protein at ninth day after 
transfection.) 
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Table 1. HPV 16 E6 protein expressions at 



s time points before and after E6 siRNA transfection into CaSki cells 









24 h after 


48 h after 


Fifth day after 


Ninth day after 




Before transfection 


Negative control 


transfection 


transfection 


transfection 


transfection 




(n = 3) 


(« = 3) 


(«=3) 


(n = 3) 


(n = 3) 


(n = 3) 


PFD (M ± SD) 


27.8 ± 3.18 


3.52 ±1.30 


8.45 ± 2.84 


8.27 ±1.21 


10.5 ± 2.62 


13.8 ± 2.17 


PIR (%) 






79.7 ± 2.93 


80.4 ±1.49 


71.3 ± 2.77 


57.4 ± 2.31 



PFD, protein fluorescent density; PIR, protein inhibiting rate. 



was accepted when the probability of occurrence by- 
chance was <0.05. 



Results 

Apoptosis after HPV16 E6 siRNA transfection 

There was a steady increase in the apoptotic rates 
from days 1 and 2 to day 5 (7.7%, 11.8%, and 37.4%, 
respectively) after transfection. On day 9, the apopto- 
tic rate decreased to 12.6% (Fig. 1). 

The HPV 16 E6 mRNA expression after 
siRNA transfection 

Both experimental samples and negative control for 
the HPV 16 E6 mRNA expression before E6 siRNA 
transfection were about the same level. The HPV 16 
E6 mRNA at days 1, 2, 5, and 9 after transfection was 
reduced by 77%, 83%, 59%, and 41%, respectively. But 
the mRNAs of (3-actin, as internal control, have no 
change (estimated from densitometry, see Fig. 2). 



The HPV 16 E6 protein expressions after 
siRNA transfection 

The HPV 16 E6 protein expressions in Western blot 
were dramatically reduced at days 1, 2, 5, and 9 after 
E6 siRNA transfection, while the protein expression at 
48 h reached the lowest level. Later on, the E6 protein 
levels gradually raised again. Both experimental sam- 
ples and negative control before the transfection 
showed the same protein expression level. The protein 
expressions of Lamin A/C, as internal control, have 
no change (Fig. 3). 



Table 2. The tumor volume changes of different groups before and after injectior 



HPV 16 E6 protein level before and after the trans- 
fection were also measured by flow cytometry. The in- 
hibiting rates of E6 protein expression after the 
transfection were over 70% at days 1, 2, and 5, while 
the inhibiting rate of E6 protein at day 9 was reduced 
but still over 50% (Fig. 4 and Table 1). 

The changes of tumor volume 

Table 2 and Figure 5 showed the changes of tumor 
volumes in different groups, and Table 3 showed the 
linear regression and correlation between tumor vol- 
ume and time of injection. The tumor volumes of the 
four experimental groups were obviously inhibited, 
whereas tumor volume of the control group grew fast. 
The tumor volume and time of injection showed a 
strong correlation (Table 3). The result of regression 
analysis revealed the inhibiting effects of five groups in 
the following orders: group 4 > group 1 > group 3 > 
group 2 > control group. The regression coefficient of 
the four experimental groups differed significantly 
from that of control group (P < 0.05). In addition, 
among the four experimental groups, only group 4 
was differing from each of three others (P < 0.05). 

Pathologic changes 

Experimental groups showed a greater degree of tumor 
necrosis compared to control group on hematoxylin- 
eosin staining results. The slices of mice liver did not 
show abnormal in all groups, which suggested that no 
obvious toxic reactions were induced for the route of 
administration, dosage, and time interval. 

HPV 16 E6 positive reaction was seen in tumor tis- 
sue, which exhibited accumulated brown particles 



Tumor 

volume (mm 3 ) 


Control 
group (n = 4) 


Group 1 
(n = 4) 


Group 2 
(n = 4) 


Group 3 
(n = 4) 


Group 4 
(n = 4) 


Before inj. 
3 days after inj. 
5 days after inj. 
10 days after inj. 
12 days after inj. 


131.94 ± 12.14 
236.23 ± 18.36 
520.19 ± 23,67 
1123.56 ± 45.98 
1358.91 ±61.17 


179.59 ± 10.22 
196.32 ± 12.66 
264.88 ± 14.18 


150.79 ± 17.65 
198.84 ± 20.12 
241.14 ± 16.38 
318.12 ± 12.29 
382.36 ± 25.45 


176.97 ± 22.16 
231.27 ± 18.23 
294.69 ± 31.32 


205.24 ± 13.33 
259.66 ± 14.26 

262.12 ± 20.17 

289.13 ± 28.41 
302.48 ± 33.72 
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Figure 5. The changes to tumor volume before and after injection. 

appearing in cell nucleus by IHC. The E6 expression of 
the control group was uneven in staining, with 70% of 
cells positive, whereas only 20% of cells were positive 
in group 2, and almost all cells were negative in 
groups 3, 4, and 5 (Fig. 6). Images were recorded and 
analyzed using an image analyzing software, and 
index of opacity density was calculated (X400, 20 
fields in total). One-way ANOVA was used to com- 
pare between groups among five groups (Table 4). 
Significant difference was observed when the experi- 
mental groups were compared with the control group 
(P < 0.05), but there was no difference among the four 
experimental groups (P > 0.05). 

Figure 7 showed apoptosis in tumor tissue measured 
by terminal deoxynucleotidyl transferase-mediated 
dUTP nick-end labeling (green fluorescence spots were 
apoptotic cells). The mean apoptotic cells were 21, 42, 
39, 53, and 78 for control group, groups 1, 2, 3, and 4, 
respectively The apoptotic cells in the four experimen- 
tal groups were significantly increased when com- 
pared with that in control group (P < 0.05, one-way 
ANOVA). 

Discussion 

The critical factors for successful RNA 
interfering in mammalian system 

Recent studies have demonstrated that the housekeep- 
ing genes in some mammalian cells could be interfered 
with RNAi, which greatly caught the scientists' attrac- 
tion'' 



'' 1U2) . Because RNAi was highly specific and 
Table 3. The linear regression and correlation between tumor volume and injection time 
Parameters 

Correlation coefficient R 
Regression coefficient B 
Regression coefficient t test 
P value 

Regression equation F value 
P value 



efficient in inhibiting target genes, it is becoming the 
focus of recent studies to make it a new tool for curing 
tumor, infectious, and heriditary diseases 04 '. Since 
double-strand structure and 3' overhanging region 
protect siRNA against endonuclease, RNAi could be 
superior to antisense oligonucliotides and ribozyme n5) . 
Many other factors are critical in the success: for 
example, the homogeneity of siRNA sequences to target 
gene, the degradation, mutation and secondary struc- 
ture of target mRNA, and the proteins enclosing the 
mRNA to transfer it in cells, etc (16) . In our study, BLAST 
software was used to determine the best siRNA se- 
quences to HPV 16 E6 target gene, a 19-nucleotide 
sequence from 193 to 212 bp in its mRNA sequence, 
and avoid exon sequence of human genes to ensure 
the specificity and efficiency of RNAi. 

There were also a lot of other factors influencing the 
success of RNAi in vivo, such as mode of the drug 
administration, dosage, frequency and formula of 
medication; drug absorbability, sensitivity, and resis- 
tance; local and system circular immunity state of ani- 
mals; pharmacokinetics and toxicity in animals, etc. 
All of these factors match or mismatch will affect the 
outcome in vivo test greatly 07 " 19 '. HPV-associated 
lesions of skin and mucosa have provided relatively 
accessible locations to minimize problem of drug 
delivery. Since it was difficult to establish a model for 
the study of cervical cancer at the site of uterine cer- 
vix, we created a mass of tumor at the subcutaneous 
tissue of right front limb of mice, which was easily 
spotted and observed during the experiments. Injec- 
tion of 2 ug siRNA plus transfection agent was 
directly conducted once or twice at peritoneal cavity 
or subcutaneous tumor of mice, respectively. Tumor 
volume, HPV 16 E6 IHC of tumor slice, apoptosis, and 
necrosis of tumor cells were all measured to evaluate 
the effect of siRNA. The experimental groups showed 
better outcome than control group in inhibiting tumor 
growth, inhibiting E6 protein expression, increasing 
tumor necrosis, and apoptosis. In addition, two-time 
administration of siRNA was better than once. Report 
indicated that it was more effective through peritoneal 
cavity administration of siRNA than by venous or 



Control group 


Group 1 


Group 2 


Group 3 


Group 4 


0.990 


0.505 


0.964 


0.630 


0.646 


117.447 


7.915 


16.116 


12.126 


7.195 


29.338 


• 2.294 


15.395 


2.564 


3.592 


<0.001* 


0.042* 


<0.001* 


0.028* 


0.002* 


860.714 


5.596 


237.011 


6.574 


12.904 


<0.001* 


0.042* 


<o.ooi* 


0.028* 


0.002*. 



*P < 0.05. 
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Figure 6. IHC image of HPV 16 
E6 of nude mice tumor tissue in 
different groups. X200. (A: E6 
positive stain as brown color in 
the cytoplasm of CaSki cells in 
control group; B: E6 partially posi- 
tive stain as brown color in the 
cytoplasm of CaSki cells in the 
group 1; C, D, and E: E6 negative 
stain as no brown color in the 
cytoplasm of CaSki cells in the 
group 2, group 3, and group 4.) 




subcutaneous mode, and it was not effective by tumor 
injection directly (20) . However, our current study 
showed that direct injection into tumor gave effects as 
good as through peritoneal cavity, and injection twice 
or more led to better results. This might give hope to 
offer an interesting alternative way for drug delivery 
in future. 



The specificity and efficiency of RNAi 
in CaSki cells 

The efficiency of RNAi in mammalian cells is usually 
high. The inhibition of RNA expression and protein 
synthesis has shown over 50% rate, but seldom to 
100%; therefore, RNAi technology is recognized as 
gene knockdown not gene knockout (14) . CaSki cell 
was used in our experiment due to its high copy 
(about 600 copies) of HPV 16. In contrast, SiHa cells 
only have 1-2 copies. . Several researches concerning 
E6 protein expression in SiHa cell or HeLa cell have 



been carried out, in which E6 was not measurable 
directly, just relying on detecting p53 or P21 protein 
levels to know E6 expressions indirectly (21_24) . We 
detected the E6 mRNA and its protein levels in CaSki 
cells directly, which has given us more accurate data 
to evaluate the function of targeting E6 by E6 siRNA. 
According to our results, the inhibiting rates of E6 
mRNA expression by siRNA at days 1, 2, 5, and 9 
after transfection were 77%, 83%, 59%, and 41%, 
respectively, while that of the E6 protein expression 
were 79.7%, 80.4%, 71.3%, and 57.4%, respectively. 
Neither the negative control nor Lamin A/C, an inter- 
nal control, showed any significant change in the 
mRNA and protein expression. Based on these, RNAi 
exists in CaSki cells, and exogenous viral gene has 
been interfered specifically and highly efficiently. In 
animal models, even the lowest dose and single injec- 
tion could lead to dramatic results, as experimental 
groups showed inhibiting tumor growth and E6 pro- 
tein expression, and increasing tumor necrosis and 
apoptosis after siRNA transfection. The randomly 



Table 4. HPV16 E6 IHC imag 


es analysis 












Control group 


Group 1 


Group 2 


Group 3 


Group 4 


Index of 

opacity density (M ± SD) 
P value^ 

P value c 
P value'' 


19.03 ± 4.29 


7.73 ± 1.29 

<o.oor 


4.33 ± 1.59 

<0.001* 
0.173 


5.15 ± 2.00 

<0.001* 
0.288 
0.728 


6.90 ± 2.01 

<0.001* 
0.729 
0.288 
0.462 



"Compare with control group. 
^Compare with group 1. 
"Compare with group 2. 
^Compare with group 3. 
*P < 0.05. 
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Figure 7. TUNEL fluorescence pho- 
tos of nude mice tumor tissue of dif- 
ferent groups. XI 00. (A: injection into 
peritoneal cavity in group 1; B: injec- 
tion once into tumor in group 3; C: 
injection twice into tumor in group 
4.) TUNEL, terminal deoxynucleotidyl 
transferase-mediated dUTP nick-end 
labeling. 



arranged nucleotide bases of siRNA in control group 
have no effect, which further proved the high effi- 
ciency and specificity of interference. 

In contrast, Jiang and Milner (21,22) showed that tar- 
geting HPV 16 E6 by synthetic E6 siRNAs resulted in 
only a very weak growth inhibition of HPV16-positive 
cancer cells, with no signs of significant cell death. In 
another study, Butz et al. (23) reported that targeting 
viral E6 oncogene in HeLa and SiHa cell lines either 
by synthetic or vector-borne siRNA had a dramatic 
induction of apoptosis following treatment against E6, 
whereas E7 had not been affected. The inconsistent re- 
sults in above studies may have resulted from the var- 
ied efficiency of siRNA due to the target sequence and 
a less suitable region of E6 chosen for siRNA 
sequence. Our findings suggested that the molecular 
targeting of E6 by siRNA represents a promising novel 
approach for the development of specific therapeutic 
strategies against HPV-positive cancers and dyspla- 
sias. Hall and Alexander (24) reported different results 
using the E7 cognate siRNA species which reduced 
the expression of both E6 and E7 in HeLa cell line. 
Whether there was a designing problem for E7 siRNA 
has not been determined yet, and this question re- 
mains to be elucidated in future. 

Reports indicated that HPV E6/E7 was associated 
with multidrug resistance in cervical cancer ther- 
apy (25) . The HPV E6/E7 RNAi was not only capable of 
inhibiting the tumor growth directly but also over- 
coming the drug resistance to result in better outcome 
in the treatment. Studies indicated that siRNA could 
interfere with several oncogenes in a consecutive man- 
ner, and thus can be used to block the initiation and 
progression of tumor. For tumor prevention and treat- 
ment, RNAi might be a promising therapeutic ap- 
proach for the patients. 

The time efficiency of RNAi in CaSki cells 

A few reports addressed the time efficiency of target- 
ing E6 with siRNA; one of them showed that the peak 
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efficiency of E6 or E7 siRNA was roughly at 48 h after 
the transfection. This aspect was one of our main parts 
of focus in this study. Some reports demonstrated that 
the persistence of RNAi in mammalian system by 
synthesized siRNA occurred for a short period of 
time, and inhibiting the genes' expression reached 
peak level within 48-72 h after siRNA transfection 
depending on the half-life of protein targeted. What 
is more, most of the protein expressions stored to 
the stable levels within 5-7 days after the transfec- 
tion (n,26> . The short-period effect of the inhibition 
was associated with cell proliferation double time 
required, not related to the degradation of siRNA. 
The apoptotic CaSki cells and the inhibiting E6 pro- 
tein expression by siRNA in our study have been 
reversed at day 9 after E6 siRNA transfection, which 
were more effective than those reported by others in 
mammalian cells. The main reasons for short-period 
effect in our experiment might be due to (1) The 
transfection rate was not 100%; therefore, non- 
transfected CaSki cells could proliferate doubly to 
induce the E6 protein expression increase and the 
apoptotic cells decrease proportionally. How to 
improve the efficiency of transfection warrants fur- 
ther study. (2) RNAi does not interfere with the 
recovery of cellular regulatory systems reported pre- 
viously in studies for inhibition by viral gene 
expression (21 ' 22) , which suggested that other anti- 
apoptotic factors may be involved in this process. (3) 
siRNA used in this study was a simple, double- 
stranded structure synthesized biochemically and 
transferred by liposome. If the double-stranded 
RNA is made up of stem-loop structure, just like 
hair-pin structure (small hair-pin RNA, shRNA), 
RNAi can be achieved in regions in diverse pro- 
moters, such as HI and U6 belonging to RNAIII pol- 
ynuclease family. If the shRNA is integrated 
into virus plasmid, a novel, established stable cell 
line could inhibit protein expression for a rather 
long time. Several successful tests have been 
reported" 0 ' 27 - 29 '. 
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The prospect of RNAi 

RNAi appears to be a critical tool for biologists and 
clinicians for functional genomics research. The suc- 
cess of RNAi to inhibit HPV virus genes expression 
has provided an alternative way for genetic treatment 
of cervical cancer. In spite of this, however, many 
problems remained to be tackled, including transfer- 
ring nucleotides into definite cells or tissues with the 
less toxicity and higher efficiency. It is believed that 
with various modes of delivery of siRNA, RNAi might 
be more effective than any other technologies devel- 
oped for the downregulation of gene expression. With 
a thorough and deeper understanding of RNAi, it may 
play an important role for treating and curing cancers, 
as well as infectious disease and dominant genetic 
disorders. 
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ABSTRACT 

RNA interference (RNAi) is a powerful strategy to inhibit gene expression through specific mRNA degrada- 
tion mediated by small interfering RNAs (siRNAs). In vivo, however, the application of siRNAs is severely 
limited by their instability and poor delivery into target cells and target tissues. Glioblastomas are the most 
frequent and malignant brain tumors with, so far, limited treatment options. To develop novel and more ef- 
ficacious therapies, advanced targeting strategies against glioblastoma multiforme (GBM)-relevant target 
genes must be established in vivo. Here we use RNAi-based targeting of the secreted growth factor pleiotrophin 
(PTN), employing a polyethylenimine (PEI)/siRNA complex strategy. We show that the complexation of chem- 
ically unmodified siRNAs with PEI leads to the formation of complexes that condense and completely cover 
siRNAs as determined by atomic force microscopy (AFM). On the efficient cellular delivery of these PEI/siRNA 
complexes, the PTN downregulation in U87 glioblastoma cells in vitro results in decreased proliferation and 
soft agar colony formation. More importantly, in vivo treatment of nude mice through systemic application 
(subcutaneous or intraperitoneal) of PEI-complexed PTN siRNAs leads to the delivery of intact siRNAs into 
subcutaneous tumor xenografts and a significant inhibition of tumor growth without a measurable induction 
of siRNA-mediated immunostimulation. Likewise, in a clinically more relevant orthotopic mouse glioblastoma 
model with U87 cells growing intracranially, the injection of PEI-complexed PTN siRNAs into the CNS ex- 
erts antitumoral effects. In conclusion, we present the PEI complexation of siRNAs as a universally applica- 
ble platform for RNAi in vitro and in vivo and establish, also in a complex and relevant orthotopic tumor 
model, the potential of PEI/siRNA-mediated PTN gene targeting as a novel therapeutic option in GBM. 



OVERVIEW SUMMARY 

The inhibition of gene expression through RNA interfer- 
ence (RNAi) relies on small interfering RNAs (siRNAs). 
Major limitations are their instability and poor cellular 
delivery especially in vivo. Glioblastomas are the most fre- 
quent and malignant brain tumors with, so far, limited 
treatment options, which emphasizes the need to develop 
novel therapeutic approaches including advanced gene- 
targeting strategies. Here we establish a polyethylenimine 
(PEI)/siRNA complexation method for RNAi-based tar- 
geting of the growth factor pleiotrophin (PTN). On com- 



plexation with PEI, siRNAs are completely protected and 
efficiently internalized by cells. The PEI/siRNA-mediated 
PTN downregulation in U87 glioblastoma cells in vitro re- 
sults in decreased proliferation and soft agar colony for- 
mation. In vivo treatment of nude mice through subcuta- 
neous, intraperitoneal, or intrathecal application of 
PEI-complexed PTN siRNAs significantly inhibits the 
growth of tumor xenografts in subcutaneous and ortho- 
topic tumor models. Hence, PEI/siRNA complexation rep- 
resents a promising strategy for RNAi-based gene target- 
ing, and PTN targeting is a novel therapeutic option in 
glioblastoma multiforme. 
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INTRODUCTION 

RNA interference (RNAi) offers great potential not only for 
in vitro target validation, but also in vivo as a novel ther- 
apeutic strategy based on the highly specific and efficient si- 
lencing of a target gene, for example, in tumor therapy (for re- 
view see, e.g., Hannon and Rossi, 2004). The main issue, 
however, is the delivery of therapeutically active siRNAs, 
which are the mediators of RNAi-induced specific mRNA 
degradation (Elbashir et al, 2001), into the target tissue/target 
cells in vivo (for review see, e.g., Howard, 2003; Hannon and 
Rossi, 2004). For safety reasons, strategies based on (viral) 
vector delivery may be of only limited clinical use. The more 
desirable approach is to directly apply catalytically active 
siRNAs. So far, however, only a few studies on siRNA-medi- 
ated gene silencing in vivo exist, often relying on high amounts 
of siRNAs, describing particular applications in certain target 
organs and/or using siRNAs with chemical modifications (for 
review see Shankar et al, 2005; Uprichard, 2005; Aigner, 
2006). Clearly, there is the need for a broad method platform 
that allows the therapeutic use of siRNAs through direct sys- 
temic application. 

Polyethylenimines (PEIs) are synthetic branched polymers 
with a protonable amino group in every third position and a 
high cationic charge density (Boussif et al, 1995; Behr, 1997). 
Thus, PEIs are able to form with DNA noncovalent interpoly- 
electrolyte complexes (Boussif et al, 1995), which are small 
colloidal particles allowing efficient cellular uptake through en- 
docytosis. On this basis, certain PEIs have been used as trans- 
fection reagent in a variety of cell lines and in animals for DNA 
delivery (for review see Kichler, 2004; Wagner et al, 2004; 
and references therein). More recently, we showed that the com- 
plexation with PEIs also represents an efficient method for the 
protection of RNA molecules from nucleolytic degradation and 
leads to the delivery of intact and bioactive RNA molecules in- 
cluding ribozymes and siRNAs (Aigner et al, 2002a; Urban- 
Klein et al, 2005) into tumor cells. 

Glioblastoma multiforme (GBM) accounts for a high pro- 
portion of intracranial human tumors with, despite aggressive 
treatment, a poor prognosis (Davis et al, 2001) and nearly all 
GBM patients die within 1 year (Holland, 2000). Despite some 
progress the therapeutic options are, unfortunately, rather lim- 
ited and, clearly, novel therapeutic strategies are needed. Tar- 
geting, for example, of disease-specific molecules involved in 
the proliferation, apoptosis, angiogenesis, or migration of the 
tumor cells may offer a high potential for the development of 
more effective therapies against GBM. 

Besides other aberrations, the deregulated expression of 
polypeptide growth factors and their receptors has been shown 
to be one of the key mechanisms for the malignant growth and 
metastatic spread of tumor cells. In GBM a variety of growth 
factors is expressed with, for example, vascular endothelial 
growth factor (VEGF) being an attractive target gene driving 
tumor neoangiogenesis (see, e.g., Jensen, 1998). Here, we ex- 
plore the therapeutic potential of targeting another growth fac- 
tor, pleiotrophin (PTN), which has been shown previously to 
be overexpressed and functionally relevant in glioblastoma (see 
below). 

PTN, also referred to as heparin-binding growth-associated 
molecule (HB-GAM), heparin-binding growth factor-8, hep- 
arin-binding neurotrophic factor (HBNF), or osteoblast-specific 



factor-1 (OSF-1), is a 15.3-kDa secreted protein that was orig- 
inally purified from human breast cancer cells (Wellstein et al, 
1992), bovine uterus (Milner et al, 1989), as well as neonatal 
rat brain (Rauvala, 1989; Li et al, 1990), and that exerts 
pleiotrophic stimulating actions on a wide variety of different 
cell types (e.g., fibroblasts, endothelial cells, neurons, and ep- 
ithelial cells) (Rauvala, 1989; Li et al, 1990; Courty et al, 
1991; Fang era/., 1992; Laaroubi etal, 1994; Choudhuri et al, 
1997; Bowden et al, 2002). PTN is a developmental^ regu- 
lated cytokine that is highly expressed in embryonic rodent tis- 
sues, whereas its expression drops dramatically after the peri- 
natal phase. In the adult rodent brain, for example, only a few 
structures such as the hippocampus and cerebral cortex have 
detectable PTN expression levels (Czubayko et al, 1995; Kurtz 
et al, 1995; Zhang and Deuel, 1999; Muramatsu, 2002). 

On the other hand, expression of PTN and its receptors, 
anaplastic lymphoma kinase (ALK) and receptor protein tyro- 
sine phosphatase-^ (RPTP£), is found in tumors originating 
from neuroectodermal lineages including GBM and melanoma. 
cDNA arrays (Muller et al, 2003) as well as enzyme-linked 
immunosorbent assay (ELISA) and immunohistochemistry (Ul- 
bricht et al, 2003) revealed that PTN expression is upregulated 
in glioblastomas as compared with normal human brain tissue 
and that all WHO grade III and IV gliomas and glioma cells 
are positive for PTN (Mentlein and Held-Feindt, 2002; Lu et 
al, 2005). Moreover, RNAi knockdown studies have estab- 
lished the functional role of RPTPf in GBM cell motility 
(Muller et al, 2003), and ribozyme targeting of ALK has shown 
that ALK expression is rate limiting in the growth of GBM cell 
lines (Powers et al, 2002). Although the PTN stimulation of 
ALK still remains controversial in the literature (Moog-Lutz et 
al, 2005; and references therein), two naturally occurring: forms 
of PTN with distinct biological activities have been described 
(Lu et al, 2005). Furthermore, the rate-limiting role of PTN in 
glioblastoma has been firmly established (Grzelinski et al, 
2005). 

So far, most studies exploring strategies to establish PTN as 
a putative attractive target have used anti-PTN antisense 
(Satyamoorthy et al, 2000) or ribozyme targeting (Czubayko 
et al, 1996) in melanoma cell lines. Inhibition of PTN expres- 
sion on stable transfection of 1205 melanoma cells with plas- 
mid-based ribozyme expression vectors led to reduced subcu- 
taneous tumor growth of 1205 cells in athymic nude mice and 
decreased metastatic spread to the lungs (Czubayko et al, 
1996). Furthermore, two studies using 37-nucleotide-long ham- 
merhead ribozymes showed that systemic intraperitoneal or in- 
travenous delivery of RNA-based drugs was able to inhibit the 
subcutaneous tumor growth of 1205 melanoma cells in athymic 
nude mice, demonstrating the general feasibility of anti-PTN 
targeted tumor therapies (Aigner et al, 2002a; Malerczyk et al, 
2005). Most recently, plasmid-based ribozyme targeting in 
glioblastoma cell lines revealed the rate-limiting role of 
pleiotrophin in glioblastoma growth and angiogenesis (Grzelin- 
ski et al., 2005). 

The aims of the present study were (1) to establish the ap- 
plication of PEI-complexed, PTN-specific siRNAs in glioblas- 
toma cells as an efficient tool for PTN targeting in vitro and in 
vivo, (2) to assess the antitumoral effects of this PEI/siRNA- 
mediated PTN depletion strategy in GBM cells regarding de- 
creased cell proliferation in vitro and reduced subcutaneous tu- 
mor growth in athymic nude mice in vivo, and hence (3) to 
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establish the therapeutic potential of PEI/siRNA-based PTN tar- 
geting in GBM. To this end, most importantly, our goal was 
(4) to test in a clinically more relevant orthotopic mouse tumor 
model whether intracranial administration of PEI-complexed 
PTN-targeted siRNA could inhibit intracranial glioblastoma 
growth. 

We found that the systemic intraperitoneal or subcutaneous 
administration of anti-PTN PEI/siRNA complexes efficiently 
delivered intact siRNAs into subcutaneous U87 tumor 
xenografts, leading to the reduction of intratumoral PTN levels 
and to the significant inhibition of tumor growth. Furthermore, 
in a more complex and more relevant orthotopic glioblastoma 
model, intracranial application of therapeutic PEI-complexed 
anti-PTN siRNAs again exerted antitumoral effects, indicating 
the potential of PEI/siRNA-mediated gene targeting as a novel 
therapeutic option in GBM. 



MATERIALS AND METHODS 

Tissue culture, siRNAs, animals, and PEI complexation 

The glioblastoma cell line U87 was obtained from the Amer- 
ican Type Culture Collection (ATCC, Manassas, VA) and cul- 
tivated under standard conditions (37°C, 5% C0 2 ) in Iscove's 
modified Dulbecco's medium (IMDM; PAA Laboratories, 
Colbe, Germany) supplemented with 10% fetal calf serum 
(FCS) unless indicated otherwise. For PTN targeting, PTN 
siRNA 473 strands (GUGAAGAAGUCUGACUGUGdTdT/ 
CACAGUCAGACUUCUUCACdTdT) were chemically syn- 
thesized and annealed (Ambion, Austin, TX) while an unrelated 
siRNA directed against luciferase (pGL2; Dharmacon, 
Lafayette, CO) served as negative control. Immunocompetent 
mice (C57BL/129sv) and athymic nude mice (nu/nu) (Charles 
River Laboratories, Wilmington, MA) were used as indicated. 

For PEI complexations, 100 pmol of siRNA was dissolved 
in 200 ftl of 10 mM HEPES-1 50 mM NaCl, pH 7.4, and incu- 
bated for 10 min. jetPEI (4X, 1.25 /il; Qbiogene, Wiesbaden, 
Germany) was dissolved in 200 /u.1 of the same buffer, and af- 
ter 10 min was pipetted into the siRNA solution. This resulted 
in an siRNA:PEI {NIP) ratio of 10 as suggested for DNA by 
the manufacturer and as determined as optimal for siRNAs in 
pilot experiments (data not shown). After vortexing, the mix- 
ture was incubated for 1 hr at room temperature before use. To 
keep the complex concentration constant, amounts of complex 
to be used in different experiments were adjusted according to 
the volumes or sizes of the wells in vitro or according to the 
estimated distribution volume in vivo. 

For PEI/siRNA treatment, U87 cells were seeded in 6 wells 
at 2 X 10 6 cells per well or in 24 wells at 6 X 10 s cells per well 
24 hr before the start of the experiment. Transfections were per- 
formed by the addition of the PEI/siRNA complex (80 pmol of 
siRNA per well of a 6- well plate or 10 pmol of siRNA per well 
of a 24-well plate, respectively) in IMDM-2% FCS for 4 hr. 
For RNA quantitation, cells were harvested 48 hr after trans- 
fection. 

Growth assays 

Studies of anchorage-dependent proliferation were carried 
out essentially as described previously (Abuharbeid et ai, 
2004). Briefly, cells were plated into a 96-well plate at 200 cells 



per well and cultivated in IMDM-2% FCS in a humidified in- 
cubator under standard conditions. PEI/siRNA complexes cor- 
responding to 2 pmol of specific or nonspecific siRNA per well 
were added to the wells, and at the time points indicated the 
numbers of viable cells in eight wells were determined in a col- 
orimetric assay according to the manufacturer's protocol (cell 
proliferation reagent WST-I; Roche Molecular Biochemicals, 
Mannheim, Germany). 

Anchorage-independent proliferation was studied in soft agar 
assays essentially as described previously (Wellstein et ai, 
1990). Cells were transfected in six wells with PEI-complexed 
specific or nonspecific siRNAs as described above and 24 hr 
after transfection were trypsinized and counted. Cells (20,000) 
in 0.35% agar (Bacto Agar; Becton Dickinson, Franklin Lakes, 
NJ) were layered on top of 1 ml of a solidified 0.6% agar layer 
in a 35-mm dish. Growth medium with 2% FCS was included 
in both layers. After 2-3 weeks of incubation, colonies more 
than 50 ^m in diameter were counted in a blinded fashion by 
at least two independent investigators. 

RNA preparation and Northern blotting 

Total RNA from tumor cells or homogenized tissues was iso- 
lated with TRI reagent (PEQLAB Biotechnologie, Erlangen, 
Germany) according to the manufacturer's protocol, and 20 fxg 
was separated, blotted, and probed for PTN as described (Fang 
et ai, 1992). After washing, blots were exposed to film, quan- 
titated by phosphorimager analysis, and, to correct for vari- 
ability in loading, stripped and reprobed with an 18S cDNA 
probe. 

Pleiotrophin ELISA 

PTN concentrations in U87 cells were determined from 
medium conditioned by the cells for 24-72 hr, using a specific 
PTN ELISA essentially as described previously (Aigner et ai, 
2003). Briefly, a mouse anti-PTN monoclonal antibody (4B7, 
100 ftl/well), diluted to 1 ^g/ml in Tris-buffered saline (TBS), 
was incubated in covered 96-well ELISA plates (Life Tech- 
nologies, Karlsruhe, Germany) at 4°C overnight. Wells were 
washed three times with TBS-0.5% Tween 20 (TBST), blocked 
with 200 nl of TBST-1% bovine serum albumin (BSA) for 2 
hr, and washed again before the addition of conditioned and 
centrifuged medium (100 /u.l/well). After incubation for 1 hr 
and subsequent washing, biotinylated affinity-purified goat 
anti-human PTN detection antibody (100 /xl/well; R&D Sys- 
tems, Wiesbaden, Germany) was added at a concentration of 
500 ng/ml and incubated for 1 hr, washed again, and incubated 
with streptavidin-alkaline phosphatase conjugate (100 /il/well 
[diluted 1:5000 in TBST]; Roche Diagnostics, Mannheim, Ger- 
many) for 1 hr. After a final washing, the plate was incubated 
in the dark with p-nitrophenyl phosphate substrate solution (100 
/il/well) for 2 hr. Absorbance was measured in an ELISA reader 
at 405 nm. Recombinant human PTN (R&D Systems) served 
as the standard. 

Determination of TNF-a and IFN-a serum levels 

PEI-complexed PTN siRNA or PEI-complexed nonspecific 
control siRNA (0.6 nmol [8 pg]) was administered by in- 
traperitoneal or subcutaneous injection to athymic or immuno- 
competent mice as indicated in Fig. 3c. After 48 hr, the treat- 
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ment was repeated before the termination of the experiment 6 
hr after the last injection. As a positive control based on a pre- 
vious study (Osburg et al., 2002), a single intraperitoneal in- 
jection of 40 /Jig of lipopolysaccharide (LPS; Sigma, St. Louis, 
MO) in 200 ju.1 of phosphate-buffered saline (PBS) was per- 
formed and the experiment was terminated after 2 hr. Blood 
was taken, allowed to clot overnight at 4°C, and centrifuged for 
10 min at 5000 rpm. The serum was removed and stored at 
-20°C. Murine tumor necrosis factor-a (TNF-a) and inter- 
ferons (IFN-a) serum levels were determined by ELISAs ac- 
cording to the manufacturer protocols (Cytlmmune Sciences 
[Rockville, MD] and PBL Biomedical Laboratories [Piscat- 
away, NJ], respectively). On the basis of data of previous stud- 
ies (Judge et al., 2005), the serum was diluted 1:1 (TNF-a) or 
1:100 (IFN-a) in the respective sample diluent. 

Atomic force microscopy 

DNA and siRNA polyplexes were prepared as described 
above, and after 1 hr they were directly transferred onto a sil- 
icon chip by dipping the chip into the complex solution. Atomic 
force microscopy was performed on a digital NanoScope IV 
BioScope (Veeco Instruments, Santa Barbara, CA) as described 
in detail elsewhere (Oberle et al., 2000; Anabousi et al., 2005). 
The microscope was vibration-damped. Commercial pyramidal 
Si 3 N 4 tips (NCH-W; Veeco Instruments) on a cantilever with 
a length of 125 p.m, a resonance frequency of about 220 kHz, 
and a nominal force constant of 36 N/m were used. All mea- 
surements were performed in tapping mode to avoid damage to 
the sample. The scan speed was proportional to the scan size 
and the scan frequency was between 0.5 and 1.5 Hz. Images 
were obtained by displaying the amplitude signal of the can- 
tilever in the trace direction, and the height signal in the retrace 
direction, both signals being simultaneously recorded. Results 
were visualized either in height or in amplitude mode. For the 
evaluation of complex size, section analyses were performed as 
depicted in Fig. lb, with —60 single determinations per mi- 
crograph. 

Laser Doppler anemometry 

The £ potential of complexes freshly prepared as described 
above was determined with the standard capillary elec- 
trophoresis cell of the Zetasizer 3000 HS from Malvern In- 
struments (Malvern, UK) at 25°C. The average value ± stan- 
dard deviation was calculated on the basis of the data of six 



In vivo tissue distribution of PEI-complexed siRNAs 

PTN-specific siRNAs (0.6 tx,g [0.05 nmol]) were 32 P end-la- 
beled, using T4 polynucleotide kinase and [y- 32 P]ATP, before 
purification by microspin columns (Bio-Rad, Munich, Ger- 
many) to remove unbound radioactivity and complexation as 
described above. U87 glioblastoma cells, 3 X 10 6 in 150 /x.1 of 
PBS, were injected subcutaneously into both flanks of athymic 
nude mice {nulnu) and grown until they reached a size of ~8 
mm in diameter. The complexes, or noncomplexed labeled 
siRNAs as a negative control, were dissolved in 200 pX of PBS 
and intraperitoneally injected. After 4 hr, mice were killed and 
samples, organs, and tissues as detailed in Fig. 3a were removed 



and subjected to RNA preparation with TRI reagent (PEQLAB 
Biotechnologie) according to the manufacturer's protocol. To- 
tal RNA was dissolved in 200 yu.1 of diethylpyrocarbonate 
(DEPC)-treated water and 1 0-/^1 samples were subjected to 
agarose gel electrophoresis before blotting and autoradiography 
(BioMax; Eastman Kodak, Rochester, NY). As controls, 32 P- 
labeled siRNAs were complexed or not complexed with PEI, 
and treated with RNase A at 37°C for 15 min as indicated in 
Fig. 3a. Sodium dodecyl sulfate ( 1 %) was then added, and mix- 
tures were heat denatured for 5 min at 100°C and analyzed as 
described above. 

In vivo siRNA treatment in subcutaneous tumor 
models in mice and PEI detection 

U87 glioblastoma cells (3 X 10 s in 150 p\ of PBS) were in- 
jected subcutaneously into both flanks of athymic nude mice 
{nulnu). When solid tumors were established, mice were treated 
at various time points with 0.6 nmol (8 p,g) of PEI-complexed 
specific or PEI-complexed nonspecific siRNA, administered by 
intraperitoneal injection or subcutaneous injection at a site along 
the median line more than 10 mm distant from both tumors. 
Tumor growth was monitored every 2-3 days, and tumor sizes 
were estimated from the product of the perpendicular diame- 
ters of the tumors. On termination of the experiment, mice were 
killed and tumors were removed. Pieces of each subcutaneous 
tumor representing at least half of the tumor mass were imme- 
diately fixed in 10% paraformaldehyde for paraffin embedding. 

For detection of PEI, tumor-bearing mice were injected in- 
traperitoneally with siRNA complexed with PEI-FluoF (Qbio- 
gene) or, as negative control, nonlabeled PEI/siRNA complexes 
as described above. The experiment was terminated 4 hr after 
injection, mice were killed, and tumor sections were analyzed 
by confocal microscopy. A Zeiss Axiovert microscope coupled 
to a Zeiss LSM 510 scanning device (Carl Zeiss, Gottingen, 
Germany) and an argon laser with an excitation wavelength of 
488 nm were used. This experiment was performed with a long- 
pass filter of 505 nm for green fluorescence and a X63/1.4 oil 
lens. 

Orthotopic glioma model in mice 

Female 6- to 8-week-old nude mice (NMRI-nw/nw) were 
used. Institutional guidelines for animal welfare and experi- 
mental conduct were followed. A guide-screw system (Plastics 
One, Roanoke, VA) was used to perform the intracerebral tu- 
mor cell engraftment and subsequent intratumoral injections of 
PEI-complexed PTN-specific siRNA, PEI-complexed nonspe- 
cific siRNA, or sodium chloride solution. Guide screws were 
implanted as described previously (Brockmann et al., 2003a,b). 
Briefly, mice were anesthetized by intraperitoneal administra- 
tion of ketamine (100 mg/kg body weight) and xylazine (5 
mg/kg body weight). A piece of the scalp and of the underly- 
ing periosteum were removed, and a 1-mm burrhole was drilled 
into the skull 3.5 mm lateral to the bregma. The guide screw 
was screwed into the burrhole and fixed with two-component 
adhesive. Two days after the implantation of guide screws, 7 X 
10 5 U87 glioblastoma cells were injected through the screw into 
the basal ganglia of the mice, using a 26-gauge needle attached 
to a 25-p.l Hamilton syringe. For the injection of test substances, 
mice were anesthetized as described above and received injec- 
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FIG. 1. (a) Analysis of PEI/siRNA, PEI/DNA/siRN A, and PEI/DNA complexes by atomic force microscopy (AFM). PEI/siRNA 
complexes (top) are ~2-fold smaller and more compact as compared with PEI/DNA complexes (bottom). The absence of free 
siRNA molecules, or molecule ends, indicates efficient complexation of the siRNAs. Hence, PEI/siRNA complexes completely 
cover and protect siRNAs. In size and shape (i.e., spherical, sufficiently large but still <200 nm in diameter), they are well suited 
for endocytotic uptake, (b) Example of a line scan of the PEI/siRNA complex surface to evaluate complex size. For section analy- 
ses, ~60 single determinations per micrograph were performed; three examples are shown in (b). The spherical structures of 
PEI/siRNA complexes were determined to be —41.5 nm in diameter. 



GRZELINSKI ET AL. 



tions of either PEI-complexed PTN-specific siRNA (15 pmol 
in 5 ju.1 of sodium chloride solution, reflecting the smaller dis- 
tribution volume compared with systemic delivery as described 
above) or an equal amount of PEI-complexed nonspecific 
siRNA, or 5 /u.1 of sodium chloride solution. Treatments were 
initiated on day 1 after tumor cell implantation and were con- 
tinued three times per week over 3 weeks, after which all ani- 
mals were killed with C0 2 . 

Determination of size of orthotopic tumors 

Mouse brains were removed from the cranial cavity, fixed 
in formalin overnight, bisected coronally, and embedded in 
paraffin. Serial sections (5 p,m thick) were stained with hema- 
toxylin-eosin. The maximum cross-sectional area of the in- 
tracranial glioblastoma xenografts was determined by com- 
puter-assisted image analysis with a Leica Quantimet 500 
system (Leica, Hamburg, Germany). Tumor volume was esti- 
mated according to the following formula: volume = (square 
root of maximal tumor cross-sectional area) 3 . 

Immunohistochemistry 

Immunostaining of paraffin sections of the tumors was per- 
formed essentially as described previously (Aigner et al, 
2002b). Briefly, after deparaffinization with xylene and rehy- 
dration with graded alcohols, sections were incubated in 10 mM 
citrate buffer (pH 7.4) at 90°C for 20 min, endogenous perox- 
idases were inactivated with 0.3% hydrogen peroxide at 4°C 
for 20 min, and slides were washed three times with PBS-0.1% 
Tween 20 (PBST). After blocking with 10% normal horse 
serum in PBST-2% BSA for 1 hr at room temperature, the slides 
were incubated with a mixture of goat anti-PTN antibodies 
(R&D Systems [Wiesbaden, Germany] and Santa Cruz Biotech- 
nology [Santa Cruz, CA]) in PBST at 37°C for 1 hr in a wet 
chamber. After washing, a 1:500 diluted, biotinylated horse 
anti-goat IgG antibody (Vector Laboratories, Burlingame, CA) 
was applied as the secondary antibody for 1 hr before washing. 
Immunoreactivity on the sections was visualized with a strep- 
tavidin-biotin-peroxidase complex (VECTASTAIN ABC kit; 
Vector Laboratories) according to the manufacturer's instruc- 
tions and revealed with the peroxidase substrate diaminobenzi- 
dine (brown). For the determination of PTN protein levels, 
hematoxylin counterstain was omitted and sections were 
mounted, scanned by light microscopy, and electronically ana- 
lyzed for staining intensity (TILL Photonics and TILL Vision, 
Graefelfing, Germany). Each tumor was represented by at least 
two different sections originating from distant areas of the tu- 
mor mass, and for scanning and quantitation at least five fields 
per section were chosen. To analyze the proliferative activity 
of the tumor cells, sections were stained with the antibody MIB- 
1 directed against the Ki-67 antigen, using the VECTASTAIN 
kit as described above, and counterstained with hematoxylin. 
The percentage of MIB-l-positive nuclei was determined by 
counting immunoreactive tumor cell nuclei in three high-power 
fields in the most actively proliferating tumor area. 

Data anallysis 

For statistical analysis, the Student unpaired, two-sided t test 
was used for comparisons between data sets (*p < 0.05, **p < 



0.01, ***p < 0.005). In vivo experiments were performed with 
five to eight mice per group and one (orthotopic mouse model) 
or two (subcutaneous xenografts) tumors per mouse. 



RESULTS 

Characterization of PEI complexes by 
atomic force microscopy 

For PTN gene targeting, we chose to approach the matter by 
direct application of a PEI-complexed siRNA that had been pre- 
selected according to criteria predicting high targeting efficacy 
and selectivity. Chemically synthesized, PTN-specific siRNA 
473 was complexed with a commercially available low molec- 
ular weight polyethylenimine (jetPEI) at the optimal siRNA:PEI 
ratio {NIP ratio) of 10 as determined in pilot experiments for 
siRNAs (data not shown) and as suggested by the manufacturer 
for DNA transfection. Because this PEI complexation repre- 
sents a rather novel approach for siRNA delivery, the resulting 
PEI/siRNA complexes were first analyzed by atomic force mi- 
croscopy (AFM) regarding size, structure, and integrity. Fur- 
thermore, keeping in mind that jetPEI was introduced previ- 
ously as a DNA plasmid transfection reagent, they were 
compared with PEI/DNA plasmid complexes. Analysis of the 
AFM data revealed that all complexes, that is, PEI/DNA, 
PEI/DNA/siRNA, and PEI/siRNA, were stable and uniform in 
size (Fig. la, left; and three-dimensional representation at 
higher magnification in Fig. la, right). PEI/siRNA complexes 
showed a mean complex diameter of ~41.5 nm (Fig. la, top; 
and see Fig. lb for details of the analysis). More importantly, 
AFM allowed visualization of free, noncomplexed DNAs or 
siRNAs as thin fiber-like structures. The absence of free siRNA 
molecule ends, which otherwise would be visible as standing 
out from the round, well-shaped complexes, as well as the ab- 
sence of free siRNA molecules, indicated the complete com- 
plexation of the siRNAs (Fig. la, top). PEI complexes with 
DNA plasmids were somewhat larger (Fig. 1 a; compare upper 
and lower panels); however, the only ~2-fold increase in size 
(~95 nm) was much smaller than the differences in molecular 
weight between the siRNAs (22 bp) and the plasmid (>5000 
bp), indicating, as expected, no direct correlation between the 
size of nucleic acids and the size of their complexes (see Dis- 
cussion). Concomitantly, the PEI complexation of a 1:1 mix- 
ture of DNA plasmids and siRNAs led to the formation of com- 
plexes of intermediate size (83.4 nm; Fig. la, center). The 
comparison also revealed that PEI/siRNA complexes were 
spherical and more compact as compared with PEI/DNA com- 
plexes. 

From these data we conclude that (1) in the complexes DNA 
and/or siRNAs were condensed effectively, that (2) PEI/siRNA 
complexes completely covered and protected siRNAs, and that 
(3) in size and shape (spherical, sufficiently large but still <200 
nm in diameter) they were well suited for endocytotic uptake. 

PEI/siRNA-mediated PTN targeting in vitro 

When U87 glioblastoma cells were treated with PEI-com- 
plexed PTN-specific siRNAs in vitro, a profound (at least 60%) 
reduction of endogenous PTN gene expression, compared with 
treatment with PEI-complexed nonspecific siRNAs, was ob- 
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FIG. 2. Reduction of endogenous PTN gene expression in U87 glioblastoma cells at the mRNA level (a) and at the protein 
level (b) as shown by Northern blotting and ELISA, respectively. On PEI complexation, PTN-specific siRNAs efficiendy reduce 
PTN levels, whereas PEI-complexed unrelated siRNAs show no effect. PTN downregulation was stable for several days, (c and 
d) Biological effects of PEI/siRNA-mediated PTN targeting on U87 glioblastoma cell proliferation. Treatment with PEI-com- 
plexed PTN-specific siRNAs results in reduced anchorage-dependent proliferation as compared with PEI-complexed unrelated 
siRNAs (c). The same is true for anchorage-independent proliferation, as shown by markedly decreased colony formation in soft 
agar assays (d; quantitation of colonies > 50 fj.m [left] and micrographs of representative colonies [right]). 
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served after only a single treatment. This was shown at the 
mRNA level by Northern blotting (Fig. 2a) as well as at the 
protein level by PTN-specific ELISA and was stable for sev- 
eral days (Fig. 2b). No PTN downregulation, however, was ob- 
served on treatment with naked PTN-specific or nonspecific 
siRNAs (Fig. 2a, right), indicating that PEI complexation is re- 
quired for the delivery of intact siRNAs into cells. 

Analysis of the in vitro proliferation of U87 glioblastoma 
cells demonstrated that our PTN gene-targeting approach 
through PEI-complexed PTN-specific siRNAs resulted in a ro- 
bust -50% reduction of anchorage-dependent cell proliferation 
(Fig. 2c). In soft agar assays, which monitor anchorage-inde- 
pendent cell proliferation and therefore resemble more closely 
the in vivo situation, an even more pronounced (>60%) reduc- 
tion of colony formation was observed (Fig. 2d). 

In vivo PEl/siRNA-mediated PTN targeting in 
subcutaneous glioblastomas 

For the more relevant in vivo validation of our PEI/siRNA 
complexation method, and to test whether PEI/siRNA-mediated 
PTN targeting in glioblastomas exerts an antitumoral effect in 
vivo, we chose subcutaneous tumor xenografts, which are of- 
ten used as a model system for in vivo tumors. 

We first tested the delivery of intact siRNAs into tumor as 
well as into other tissues because this is critical for RNAi in 
vivo. U87 glioblastoma cells were injected subcutaneously into 
both flanks of athymic nude mice and, when they reached a size 
of ~8 X 8 mm, a single dose of 32 P-labeled siRNA was in- 
traperitoneal ly injected. On termination of the experiment after 
4 hr, total RNA prepared from the tissues was analyzed by gel 
electrophoresis, blotting, and autoradiography. Intact siRNA, 
represented by radioactive bands on the blot, was detected in 
several tissues including kidney, muscle, and, to a smaller ex- 
tent, lung. Strong signals were observed in liver and, more im- 
portantly, in the tumor, whereas brain and blood were almost 
negative (Fig. 3a, left). As controls, PEI-complexed or non- 
complexed siRNAs were analyzed by agarose gel elec- 
trophoresis, blotting, and autoradiography, showing identical 
bands (Fig. 3a, right). However, as described previously (Ur- 
ban-Klein et al, 2005), on RNase A-mediated degradation of 
siRNA molecules, no band was detected, demonstrating that the 
bands represent only end-labeled full-length siRNA rather than 
labeled nucleotides from degraded siRNAs. Consequently, the 



lack of any signal on injection of noncomplexed siRNAs indi- 
cates the expected, extremely short half-lives due to excretion 
and degradation of the unprotected siRNA molecules (data not 
shown). From this experiment we concluded that, on PEI com- 
plexation, intact siRNAs are able to reach the tumor xenografts 
and hence their site of action. 

To evaluate whether PEI/siRNA particles indeed reached the 
tissues where siRNA signals were detected or whether free 
siRNA molecules, once liberated from the PEI/siRNA com- 
plexes, further diffused to other sites, we determined, in addi- 
tion to siRNA molecules, the presence of labeled PEI in tumor 
xenografts. This is particularly relevant because the PEI/siRNA 
complexes used in this study were positively charged (f po- 
tential, 19.05 ± 1.46 mV) and, once injected, may aggregate, 
forming larger particles, with both charge and size possibly pre- 
venting diffusion. Four hours after intraperitoneal injection of 
PEI-FluoF/siRNA complexes, analysis of tumor sections by 
confocal microscopy revealed diffuse green fluorescence that 
was stronger than, and thus distinguishable from, the back- 
ground tissue fluorescence in sections of PEI/siRNA-treated 
control tumors (Fig. 3b). Furthermore, in tumors treated with 
PEI-FluoF/siRNA complexes strongly fluorescing larger com- 
plexes with sizes in the low micrometer range were visible, 
which were absent in the PEI/siRNA control (Fig. 3b). 

Sequence-dependent stimulation of the mammalian innate 
immune system by synthetic siRNAs has been previously de- 
scribed, and putative immunostimulatory motifs have been 
identified (Homung et al., 2005; Judge et al, 2005). To ex- 
clude that in our experiments any in vivo antitumor effects could 
be due to immunostimulatory processes rather than PTN gene 
inhibition, we tested for the induction of cytokines by PEI-com- 
plexed siRNAs after intravenous or intraperitoneal injection. 
We selected cytokines TNF-a and IFN-a, which have been re- 
ported previously to be upregulated in mice after administra- 
tion of formulated immunostimulatory siRNAs (Homung et al., 
2005). 

Athymic mice were treated twice with PEI-complexed 
siRNAs as indicated in Fig. 3c, with a 48-hr time interval be- 
tween the injections. Six hours after the second treatment, anal- 
ysis of serum cytokine levels revealed an upregulation of TNF- 
a neither in immunodeficient nor immunocompetent mice, 
whereas a short 2-hr treatment with 40 fxg of LPS led to a sig- 
nificantly higher TNF-a level as shown previously (Osburg 
et al, 2002) and thus serving as a positive control. The absence 



FIG. 3. PEI-complexed PTN-specific siRNAs are delivered to tumor xenografts and exert antitumoral effects in a subcutaneous 
in vivo mouse glioblastoma model, (a) 32 P-labeled siRNAs (0.05 nmol [0.65 /xg]), complexed with PEI, were injected intraperi- 
toneally into tumor-bearing mice, and after 4 hr total RNA from various organ and tissue homogenates was prepared and sub- 
jected to agarose gel electrophoresis before blotting and autoradiography. The bands represent intact 32 P-labeled siRNAs, which 
were detected in several tissues including tumor. This indicates that, on PEI complexation, intact siRNAs are able to reach the 
tumor xenografts and hence their site of action. Right: Naked {left lane) and PEI-complexed {right lane) 32 P-labeled siRNAs as 
controls. On RNase treatment, naked 32 P-labeled siRNAs are completely degraded and no signal is observed {center lane). 
(b) Presence of PEI in tumor xenografts. Tumor sections were analyzed by confocal microscopy 4 hr after intraperitoneal injec- 
tion of PEI-FluoF/siRNA {top) and reveal diffuse green fluorescence that is stronger and clearly distinguishable from background 
fluorescence in sections from tumors treated with unlabeled PEI/siRNA complexes {bottom). In addition, strongly fluorescing, 
larger PEI-FluoF/siRNA complexes with sizes in the low micrometer range are visible {top), (c) PEI/siRNA complexes do not 
exert any measurable effect on immunostimulatory processes. Athymic or immunocompetent mice were treated twice with 
PEI/siRNA complexes, as indicated. ELISA-based analysis of serum levels reveals no detectable upregulation of TNF-a {left) or 
JFN-a {right) levels independent of the siRNA, the mouse strain, or the administration route. LPS: Single treatment with 
lipopolysaccharide as positive control. 
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FIG. 4. Reduction of subcutaneous U87 glioblastoma tumor growth on intraperitoneal treatment with PEI-complexed PTN-spe- 
cific siRNAs as compared with PEI-complexed unrelated control siRNA. Right: Two representative mice per group after treat- 
ment for 2 weeks; tumors are indicated by arrows. Left: The corresponding growth curves show a statistically significant anti tu- 
moral effect of the treatment with PEI-complexed PTN-specific siRNAs (open circles) after 9 days. Arrows indicate the time 
points of treatment with 8 /jug (0.6 nmol) of PEI-complexed siRNA per injection, n = 5 animals per group. *p < 0.05; **p < 
0.01. 



-*>f»a measurable immunostimulatory effect was true for both 
siRNAs and independent of the delivery route (intravenous or 
intraperitoneal). The dosing regimen selected here is in anal- 
ogy to a previous study with a 6-hr interval between injection 
and serum level analysis (Judge et al., 2005) and also resem- 
bles closely the treatment protocol to be used in our experi- 
ments with administration every 2-3 days. 

Likewise, no detectable increase in IFN-a serum levels was 
observed under any treatment as indicated in Fig. 3c (right). 
From these data we conclude that our PEI/siRNA complexes 
do not exert a measurable immunostimulatory effect under the 
treatment conditions employed here. 

Next, we monitored the antitumoral effects of PEI/siRNAs 
targeting PTN. U87 tumor cells were subcutaneously injected 
and, when solid tumors reached a size of ~5 X 6 mm after 8 
days, mice were intraperitoneally injected with 0.6 nmol of PEI- 
complexed PTN-specific siRNA every 2-3 days as indicated in 
Fig. 4. PEI/siRNA amounts were estimated from the previous 
in vitro results, and the same amount of PEI-complexed non- 
specific siRNA served as negative control. The intraperitoneal 
injection of PEI-complexed PTN-specific siRNAs resulted over 
3 weeks in a —40% reduction of tumor growth, which was sta- 
tistically significant 9 days after the start of treatment (Fig. 4). 
Because at early time points tumors appeared flat, making it 
difficult to determine the tumor volume, the determination of 
tumor areas (length X width) was chosen to monitor tumor 
growth although this somewhat underestimates the antitumoral 
effects visible at later time points (Fig. 4, right). 

As an alternative treatment regimen, in the next experiment 



subcutaneous injection of PTN-specific PEI/siRNA complexes 
was chosen. Complexes were subcutaneously injected at a dis- 
tant site, that is, more than 10 mm from the tumors. Analysis 
of tumor sizes over 3 weeks demonstrated a profound (>70%) 
reduction of tumor growth in the specific treatment group as 
compared with the control treatment with PEI-complexed non- 
specific siRNA (Fig. 5a). It should also be noted that in both 
experiments, comparison of the control treatment group with 
subcutaneous U87 wild-type cell tumors in untreated mice (de- 
scribed in a previous study; Grzelinski et al., 2005) shows sim- 
ilar growth curves, indicating the absence of nonspecific PEI 
effects. On termination of the experiment, mice were killed and 
the tumors were removed for further analysis. Immunohisto- 
chemical staining of paraffin-embedded tumor sections for PTN 
revealed strong cytoplasmic staining (Fig. 5b, left), which al- 
lowed the determination of PTN levels through scanning and 
electronic analysis. To accurately measure the staining intensi- 
ties representing the PTN protein concentration, a hematoxylin 
counterstain was omitted in these sections (Fig. 5b, center). The 
quantitation of at least five fields per section and two sections 
per tumor revealed a statistically significant (~70%) reduction 
of PTN protein levels in the tumors of the specific treatment 
group, as compared with the control group (Fig. 5b, right), in- 
dicating PTN siRNA-specific gene targeting. In contrast to the 
rather homogeneous PTN staining pattern within each section, 
blood vessel densities as determined by anti-von Willebrand 
factor staining showed considerable heterogeneity, which did 
not allow the determination of antiangiogenic effects of the 
PEI/siRNA-meditated PTN targeting (data not shown). 



PEI/siRNA-MEDIATED PTN I^aGETING IN VIVO 



761 



a 




PEI/siRNA Control PTN 



FIG. 5. (a) In vivo PTN targeting through subcutaneous injection of PEI-complexed PTN-specific siRNAs (open circles) leads 
to a marked decrease in U87 glioblastoma growth as compared with PEI-complexed unrelated control siRNA (solid circles). Ar- 
rows indicate the time points of injection, with 8 /xg (0.6 nmol) of PEI-complexed siRNA per injection. The reduction of tumor 
growth is statistically significant 5 days after the start of treatment {right: two representative mice of each group; tumors are in- 
dicated by arrows), (b) Immunohistochemical staining of paraffin-embedded tumor sections for PTN reveals strong cytoplasmic 
brown staining {left: sections are hematoxylin counterstained; scale bar, 100 fim) allowing the quantitation of PTN by scanning 
and electronic analysis. For accurate determination of staining intensities the hematoxylin counterstain was omitted, and there- 
fore sections do not show histological detail {center, two representative examples of each group). Quantitation of at least five 
fields per section and two sections per tumor reveals a —70% reduction of PTN protein levels in the tumors of the specific treat- 
ment group, as compared with the control group, demonstrating PEI/siRNA-specific PTN gene targeting {right). n = 5 animals 
per group. *p < 0.05; **p < 0.01; ***p < 0.005. 
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PEI/siRNA-mediated PTN targeting in an orthotopic 
glioblastoma model 

The tumor model with the highest biological relevance for 
glioblastomas is in the CNS. We therefore employed an ortho- 
topic glioblastoma mouse model to study the antitumoral ef- 
fects of PEI/siRNA-mediated targeting of PTN. Tumor cells 
were intracerebrally engrafted by injection through an im- 
planted guide screw into the basal ganglia of mice (Fig. 6a). 
For PTN targeting, because it was shown previously that PEI 
complexes are unable to cross the blood-brain barrier (Urban- 
Klein et al., 2005), we chose intracerebral delivery of 
PEI/siRNA complexes. The treatment was performed in anes- 
thetized mice. Reflecting the smaller distribution volume, 0.015 
nmol of PEI-complexed PTN-specific or, as a negative control, 
nonspecific siRNAs was injected three times per week. 

Determination of tumor volumes at the end of the experi- 
ment (after 3 weeks) revealed a statistically significant (~50%) 
reduction of tumor growth on treatment with PEI-complexed, 
PTN-specific siRNA as compared with PEI-complexed, non- 
specific siRNA, indicating an siRNA-specific effect (Fig. 6b). 

Because of the location of the orthotopic tumors in the CNS 
and the intracerebral application of siRNAs, this model is also 
sensitive to unwanted side effects and was therefore also cho- 
sen to demonstrate the absence of nonspecific effects of PEI or 
siRNAs. A comparison of tumors after PEI-complexed, non- 
specific siRNA treatment with tumors from the group injected 
with a physiological sodium chloride solution revealed no dif- 
ferences in tumor size (Fig. 6b, left column versus right 
column). This firmly establishes the absence of nonspecific 
antitumoral effects of PEI or of PEI-complexed siRNAs. 
Furthermore, on performance of any of the treatment regimens, 
in whole brain sections no gross histological changes were de- 
tected, and no behavioral alterations were observed in the ani- 
mals, indicating that the treatment was well tolerated. 

Further immunohistochemical analysis of the tumors also re- 
vealed a statistically significant reduction in the number of pro- 
liferating cells as determined by detection of the nuclear pro- 
tein Ki-67, which is expressed in the active phases of the cell 
cycle and thus serves as a marker of cell proliferation (Fig. 6c). 
Immunohistochemical quantitation furthermore demonstrated 
the PTN siRNA-mediated downregulation of PTN. Despite the 
fact that, because of the higher staining heterogeneity within 
each tumor, this decrease did not reach statistical significance 
(p < 0.06), it nevertheless provides evidence that the observed 
effects on tumor growth and tumor cell proliferation were based 
on PTN targeting (Fig. 6d). From these data we conclude that 
the intracranial administration of PEI-complexed PTN-targeted 
siRNAs inhibits intracranial glioblastoma growth through the 
specific reduction of PTN expression. 



DISCUSSION 

Glioblastomas, which can arise de novo or progress from 
lower grade gliomas, are the most frequent and most malignant 
brain tumors, with thus far limited treatment options. To de- 
velop novel and more efficacious therapies against GBM, at- 
tractive target genes need to be defined and drug targeting 
strategies must be established in vivo. Because GBM tumor 



growth relies on vasculature remodeling, destruction of the sur- 
rounding normal tissue, and migration and proliferation of tu- 
mor cells, factors that drive angiogenesis (e.g., VEGF; Jensen, 
1998) or invasion and motility of tumor cells (e.g., cathepsin 
B; Gondi et al., 2004) represent, among many others, attractive 
targets in GBM. Previous studies have shown that pleiotrophin, 
which was originally described as a developmentally regulated 
mitogenic, chemotactic, and angiogenic factor with a restricted 
expression pattern in adults, is markedly overexpressed in 
glioblastomas (Mentlein and Held-Feindt, 2002; Muller et al, 
2003; Ulbricht et al, 2003; Lu et al, 2005) and represents a 
functionally relevant molecule in GBM (Grzelinski et al, 
2005). This prompted us to speculate that PTN gene targeting 
may provide an avenue for new gene therapy approaches with 
clinical significance in glioblastomas. 

Although all glioblastoma cell lines are positive for 
pleiotrophin, U87 cells express comparably high levels of PTN 
(Lu et al, 2005) and have been widely used as a model system 
for glioblastoma multiforme. On initial formation of small nod- 
ules after xenografting into athymic nude mice, they show ag- 
gressive and rapid tumor growth. Thus, this tumor model makes 
high demands on any (gene) therapy approach and was chosen 
in this study. 

Previously, we established polyethylenimine (PEI) as a 
reagent for the complexation of ribozymes or siRNAs, leading 
to their protection and cellular delivery in vitro and in vivo 
(Aigner et al, 2002a; Urban-Klein et al, 2005). This easy-to- 
use, nontoxic, and efficient method of siRNA delivery allows 
the use of siRNA molecules in a rather low-dose range and 
without any chemical modifications. Here, we explore the 
PEI/siRNA-mediated targeting of PTN as a putatively power- 
ful, new therapeutic strategy in glioblastoma treatment. 

We show by atomic force microscopy that PTN-specific 
siRNAs through PEI complexation are efficiently condensed, 
covered, and protected. The lack of a direct relation between 
the size of nucleic acids (5-kb plasmid DNA versus 22-bp 
siRNA) and the size of their complexes can be readily explained 
because the complexes contain many nucleic acid molecules 
each. Interestingly, however, in vitro our complexes were much 
smaller as compared with previous studies based on quasi-elas- 
tic light scattering, where complex sizes over 1 were de- 
tected (Goula et al, 1998). Also, whereas our complexes ap- 
pear stable and uniform in size, Goula et al presented electron 
micrographs showing clumped, unstable, and irregularly shaped 
particles. The reason why our complexes resemble more closely 
PEI7DNA complexes prepared in 5% glucose (Goula et al, 
1998) rather than 150 taM sodium chloride remains to be elu- 
cidated. However, it should be noted that in vivo, larger aggre- 
gates were observed (see below). 

We demonstrate that our PEI/siRNA complexes are deliv- 
ered to cells in vitro, where they display full bioactivity. The 
PTN downregulation at the mRNA and protein levels translates 
into markedly reduced glioblastoma cell proliferation in vitro. 
Although the PEI transfection is only transient, unpublished 
data from our laboratory (B. Urban-Klein and A. Aigner) show 
that PEI/siRNA effects are stable for at least 7 days, which may 
account for the fact that effects on colony formation can still 
be measured after 2-3 weeks in the soft agar assay. Taken to- 
gether, these results confirm previous data in PTN-depleted cell 
lines on stable in vitro transfection with ribozyme expression 
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FIG. 6. Orthotopic in vivo mouse glioblastoma model to study the antitumoral effects of PEI-complexed PTN-specific siRNAs 
( n = 5_7 animals per group), (a) Schematic drawing of the free-hand injection technique, using a guide screw. The head of the 
mouse is placed on the lid of a 50-ml Falcon tube and the needle is cuffed with a sterile 2- to 10-/xl pipette tip. For the injec- 
tions, the cannula is lowered into the guide screw, which is glued to the cranium of the mouse (arrow), and the cuff limits the 
penetration depth of the cannula during the injections (adopted from Brockmann et al., 2003b). (b) Treatment with 0.2 y.g (0.015 
nmol) of PEI-complexed PTN-specific siRNAs leads to a significant reduction of tumor growth as compared with mice treated 
with the same amount of PEI-complexed unrelated siRNAs or with buffer, (c) Ki-67 staining for proliferating cells, (d) PTN 
staining. To allow quantitation of PTN protein levels, these sections are not hematoxylin counterstained and thus do not show 
histological details. Quantitation reveals that the reduction in tumor volume (b) on treatment with PEI-complexed PTN-specific 
siRNAs correlates well with a decreased number of proliferating cells (c) and reduced PTN expression (d). **p < 0.01; ***p < 
0.005. 



plasmids (Grzelinski et al., 2005) and demonstrate the efficacy 
of the PEI/siRNA-based gene-targeting system employed here. 
They also set the standard for the effects expected in our in vivo 
mouse glioblastoma models. 

More importantly, we show that PEI complexation allows 
the systemic in vivo application of PTN siRNAs in different 
glioblastoma models, leading to efficient PTN downregulation 
and to a significant decrease in tumor growth. Full-length 
siRNA molecules were detected in several tissues, but barely 
in the blood, indicating that (1) the signals represent siRNAs 
internalized into the tissue cells rather than floating in the blood 
stream and that (2) blood levels of siRNAs at any given time 
point are generally low. Furthermore, experiments with fluo- 
rescently labeled PEI reveal the presence of PEI, as well as of 
larger PEI-based particles, in the tumor xenografts. The notion 



that intact PEI/nucleic acid complexes indeed reach target tis- 
sues despite their size and their positive charge is in agreement 
with previous studies on the organ distribution and pharmaco- 
kinetics of different double-labeled complexes comprising var- 
ious PEIs and oligodeoxynucleotides (Fischer et al, 2004). 

However, our data also demonstrate the formation of aggre- 
gates as described previously, for example, under certain in 
vitro conditions (Goula et al, 1 998). Although these aggregates 
still show some in vivo mobility (as indicated by the fact that 
they are present in the tumor xenografts), it is tempting to spec- 
ulate that they may also form a depot of complexed siRNAs, 
allowing the slow release of the noncovalently complexed 
siRNA molecules. This may also account for the fact that 
siRNA blood levels at any given time point are generally low 
(see above). 
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Because PEI-complexed unrelated siRNAs were employed 
as controls in several experiments, nonspecific effects based on 
PEI or siRNA (for review see Hannon and Rossi, 2004) can be 
excluded. This is also true for the sequence-dependent stimu- 
lation of the mammalian innate immune system by synthetic 
siRNAs, which has been described previously (Homung et al, 
2005; Judge et al, 2005). Despite the fact that our PTN siRNA 
contains a putative immunostimulatory motif (UGUG), under 
various conditions (see Results for details) we did not detect 
upregulation of the cytokines TNF-a and IFN-a, which have 
been reported previously to show increased serum levels in mice 
after administration of formulated immunostimulatory siRNAs 
(Hornung et al., 2005; Judge et al., 2005). 

The lack of detectable immunostimulation even in the case 
of the siRNA containing a UGUG motif (1) may be due to a 
different formulation employed here, (2) may indicate insuffi- 
cient immunostimulatory motifs on the siRNAs used in our 
study, and/or (3) may be based on the smaller siRNA amounts 
used in our experiments. In fact, Judge et al. employed more 
than 6-fold higher siRNA amounts per injection and performed 
liposome encapsulation rather than PEI complexation. Because 
this study also showed that, for example, the same amount of 
naked siRNAs did not induce an immune response in mice, the 
formulation seems to be of critical importance. In fact, it has 
been shown that the subcellular localization of siRNAs (cyto- 
plasmic versus endosomal) seems to be of critical importance 
for the induction of an interferon response (for review see 
Sioud, 2006a), which further emphasizes the relevance of dif- 
ferences in siRNA delivery. Because cytoplasmic delivery of 
synthetic siRNAs by electroporation has been demonstrated not 
to induce either inflammatory cytokines or interferons, whereas 
the same sequences when delivered by lipid did (Sioud, 2005), 
our data further support the model of cytoplasmic siRNA re- 
lease from PEI complexes. Furthermore, the siRNA amounts 
per injection are certainly of relevance because an siRNA dose 
dependence of the immune response has already been shown 
(Judge et al., 2005) and, because of a putative depot effect of 
larger PEI/siRNA particles, the actual siRNA concentrations 
may even be smaller in our study. Finally, it should be noted 
that single-stranded small interfering RNA molecules are more 
immunostimulatory than their double-stranded counterparts 
(Sioud, 2006b), again indicating a possible dependence of the 
immunostimulation on the siRNA formulation. Because LPS, 
serving here as a positive control, produced an immunostimu- 
latory effect after only a short treatment time, we conclude from 
these data that our PEI/siRNA complexes do not exert a mea- 
surable immunostimulatory effect under these treatment condi- 
tions and that the antitumor effects are actually based on PTN 
downregulation. 

The fact that comparably small amounts of PEI-complexed 
siRNAs were sufficient to achieve in vivo antitumoral effects 
may also account for the absence of any side effects of our treat- 
ment even on intracranial application. Subsequent analysis of 
the tumors reveals that the reduction in tumor volume corre- 
lates well with reduced PTN expression, confirming that the 
observed effects on tumor growth are based on specific PTN 
targeting. Hence we have established the antitumoral effect of 
in vivo PEI/siRNA-mediated PTN targeting in glioblastomas. 

In future, the detailed characterization of an individual tu- 
mor based on gene expression analysis (e.g., by cDNA arrays) 



will lead to more and more customized therapies and individ- 
ual targeting strategies based on individual tumor expression 
profiles. To this end, it is essential to develop easy-to-use drug 
targeting strategies that allow rapid adaptation toward a novel 
set of target genes. In this regard, gene silencing by siRNA 
holds great promise and at the moment delivery of bioactive 
siRNAs into tumor cells seems to be the most challenging trans- 
lational problem. This is especially true for GBM because the 
blood-brain barrier effectively inhibits the penetration of large 
and charged molecules such as siRNAs into the brain tissue. 
Thus, any siRNA-based treatment will rely on a direct appli- 
cation protocol into the tumor environment, which is techni- 
cally demanding but feasible. One article showed in mice that 
the continuous intracranial delivery of plasmid-based vectors 
that drive the expression of siRNAs targeted against cathepsin 
B and urokinase plasminogen activator (uPA) by Alzet 
minipumps inhibited the tumor growth of established glioma 
xenografts (Gondi etal., 2004). Although this study nicely dem- 
onstrated the feasibility of plasmid-based siRNA treatment of 
CNS tumors, gene therapy approaches with plasmid vectors 
carry specific risks and are not readily suitable for the devel- 
opment of customized therapies, as mentioned above. In an- 
other study, PEGylated polyethylenimine with an RGD peptide 
ligand was used to deliver siRNA with high tissue specificity 
to subcutaneous neuroblastoma N2A xenografts (Schiffelers et 
al., 2004). 

Here, we present the PEI complexation of siRNAs as a uni- 
versally applicable platform for RNAi-based gene targeting, 
which will allow the use of various siRNAs directed against 
targets identified as optimal in a given tumor, and introduce 
PEI-complexed, PTN-specific siRNAs as an efficient tool for 
PTN targeting in vitro and in vivo. We firmly establish that, 
also in a complex and relevant orthotopic tumor model, in- 
tracranial application of therapeutic PTN-specific PEI/siRNA 
complexes significantly reduced intracranial U87 tumor growth, 
indicating the potential of this approach as a novel therapeutic 
option in GBM. 
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Growth Factor siRNA Effectively Inhibits Tumor Growth in 
Colon Adenocarcinoma 
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Vascular endothelial growth factor (VEGF) is a multifunctional angiogenic growth factor that is a 
primary stimulant of the development and maintenance of a vascular network in the vascularization of 
solid tumors. It has been reported that a blockade of VECF-mediated angiogenesis is a powerful 
method for tumor regression. RNA interference represents a naturally occurring biological strategy 
for inhibition of gene expression. In mammalian systems, however, the in vivo application of small 
interfering RNA (siRNA) is severely limited by the instability and poor bioavailability of unmodified 
siRNA molecules. In this study, we tested the hypothesis that a hydrophobically modified protein 
transduction domain, cholesteryl oligo-D-arginine (Chol-R9), may stabilize and enhance tumor 
regression efficacy of the VECF-targeting siRNA. The noncovalent complexation of a synthetic siRNA 
with Chol-R9 efficiently delivered siRNA into cells in vitro. Moreover, in a mouse model bearing a 
subcutaneous tumor, the local administration of complexed VECF-targeting siRNA, but not of 
scrambled siRNA, led to the regression of the tumor. Hence, we propose a novel and simple system for 
the local in vivo application of siRNA through Chol-R9 for cancer therapy. 

Key Words: VEGF, angiogenesis, RNA interference, oligoarginine, gene therapy 



Introduction 

The phenomenon of RNA interference (RNAi) or posttran- 
scriptional gene silencing is an evolutionarily conserved 
biological response to double-stranded RNA (dsRNA) for 
degradation of the sequence-specific homologous mRNA. 
RNAi is initiated by the dsRNA-specific endonuclease, 
Dicer, which promotes processive cleavage of long dsRNA 
into double-stranded fragments between 21 and 23 
nucleotides long, termed small interfering RNA (siRNA). 
This siRNA binds to the RNA-induced silencing complex, 
which recognizes target mRNA to be degraded [1-4]. 
Recently, it has become a useful tool for specific gene 
silencing and analysis of gene function. 

To improve the efficiency of siRNA function, delivery 
systems need to be developed to condense siRNA effec- 
tively into small particles, thereby enhancing the cellular 
uptake and protection from enzymatic degradation. Ideas 
for siRNA delivery vehicles based upon the designs of 
polymeric delivery systems for plasmid DNA [5-9] have 
begun to flourish [10,11]; therefore, enhancement of the 



transfection efficiency in vitro and in vivo has progressed 
rapidly. In fact, numerous attempts to enhance siRNA 
function have been made based on cationic lipopeptide 
[12], steroid and lipid conjugates of siRNA [13,14], and 
block copolymer-coated calcium phosphate nanoparticles 
[15]. Recently, to enhance the cellular uptake and trans- 
fection efficiency, arginine-rich cell-penetrating peptides 
(CPPs) such as human immunodeficiency virus (HIV-1) 
TAT and antennapedia have been developed as gene 
delivery vehicles [16,17]. In cell culture, a conjugate of 
an antisense oligonucleotide and the antennapedia pep- 
tide was able to inhibit the translation of amyloid 
precursor protein at a concentration of 40 nM [18]. In a 
separate study, the antennapedia peptide-conjugated 
oligonucleotide against Cu/Zn superoxide dismutase 
showed a 100-fold higher efficiency in culture than did 
the oligonucleotide itself [19]. Furthermore, arginine 
oligopeptides have been modified with several hydro- 
phobic lipid molecules to enhance plasmid gene trans- 
fection [20]. The mechanism of internalization of CPPs is 
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not well understood and has recently been the subject of 
discussion. Most cellular uptake studies of CPPs in the 
literature based on fluorescence microscopy of fixed cells 
and/or flow cytometry analysis report that internalization 
of CPPs does not involve endocytosis [21-25]. These 
studies have been recently revisited by the mechanism of 
cellular uptake being reevaluated. More current evidence 
shows that the internalization of CPPs is an energy- 
dependent process involving classical adsorptive endocy- 
tosis [26-28]. 

We have reported an effective water-soluble lipopol- 
ymer (WSLP) by combining the cationic headgroup of 
branched polyethylenimine (bPEI; M w 1.8 kDa) with a 
hydrophobic lipid anchor, cholesterol chloroformate [6]. 
WSLP showed low cytotoxicity and enhanced trans- 
fection efficacy in vitro and in vivo [6,29-31]. The 
effectiveness of WSLP over bPEI was due to the 
modification of the inherent structural DNA complex 
to enhance the interaction with plasma membrane and 
facilitate the endosomal escape. 

In this study, we synthesized a cholesteryl oligo-D- 
arginine (nine residues) conjugate (Chol-R9) as a siRNA 
delivery vehicle for vascular endothelial growth factor 
(VEGF) silencing. VEGF is a growth factor most consis- 
tently found in a wide variety of conditions associated 



with angiogenesis [32]. It has been reported that impairing 
the function of VEGF could inhibit tumor growth and 
metastasis by preventing its own vascularization in a 
variety of animal models [33-35]. We investigated the 
potency of the Chol-R9 conjugate as a siRNA delivery 
vehicle in vitro and in vivo in a mouse tumor model. 

Results 

Synthesis of Chol-R9 

We successfully modified oligoarginine (R9) with choles- 
teryl chloroformate (Fig. 1). The J H NMR spectrum of 
Chol-R9 showed characteristic cholesteryl methyl proton 
peaks ranging from 0.5 to 1.0 ppm (Fig. 2A). R9 proton 
peaks are also shown in the spectrum. Especially the 
methine proton peak of R9 (protons at a-carbons), which 
represents nine protons, appeared at 4.2 ppm. We 
determined the coupling yield of cholesteryl chlorofor- 
mate to R9 from the cholesteryl methyl proton peak at 
0.5 ppm, which represents three protons, and the proton 
peak of arginine a-carbon at 4.2 ppm using the equation 

coupling yield (%) = (3 x Ao.5ppm)/A 4 .2ppm x 100, 

where A 0 .s ppm and A 4 . 2 ppm stand for integrations of 
proton peaks at 0.5 and 4.2 ppm in the NMR spectrum of 



Cholesteryl chloroformate 
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FIG. 2. Chol-R9 conjugate characterized using *H NMR and MALDI-TOF mass 
spectroscopy. (A) 'H NMR spectrum of Chol-R9. (B) MALDI-TOF mass spectra 
of Chol-R9. 



Chol-R9, respectively. The calculated coupling yield in 
this study was 50.3%. The matrix-assisted laser desorp- 
tion time-of-flight (MALDI-TOF) mass spectrum of Chol- 
R9 showed a predominant peak at 1835.28 (m/z), which 
can be assigned as (M-H) (Fig. 2B). The electrospray 
ionization (ESI) mass spectrum also showed dominant 
peaks of Chol-R9 and R9, indicating an absence of any 
free cholesterol chloroformate (data not shown). These 
results reaffirm the fact that the polymer product con- 
tains only a mixture of Chol-R9 and R9. 

Complex Formation of Chol-R9 with Plasmid DNA 
To identify the characteristics of Chol-R9 to act as 
an efficient nonviral gene carrier, we carried out 
DNA complex formation on agarose gel electropho- 
resis at different N/P ratios, i.e., the ratio of concen- 
tration of total nitrogen atoms (N) of the polycation 
to that of the phosphate groups (P) of reporter 
plasmid DNA. The movement of plasmid in the gel 
was retarded as the amount of the Chol-R9 conjugate 
was increased, demonstrating that the conjugate 
binds to negatively charged DNA, neutralizing its 
charge (Fig. 3A, top). Complete complex formations 
were achieved at N/P ratios equal to and above 8:1 
(lane 5), similar to unmodified oligoarginine (Fig. 3A, 
bottom). 

Cell Toxicity and in Vitro Transfection Efficiency of 
Chol-R9/DNA Complex 

We investigated the cytotoxicity of Chol-R9/DNA com- 
plexes using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe- 
nyltetrazolium bromide (MTT) assay (Fig. 3B) on 293T 
cells. We prepared Chol-R9/DNA complexes at various N/P 
ratios from 8 to 72, while we made bPEI/DNA complexes at 
an N/P ratio of 5. The complex of Chol-R9/DNA showed at 
least 90% cell viability at the N/P ratios of 8 to 48. 

We evaluated the transfection efficiency of the 
synthesized Chol-R9 in vitro using 293T cell lines. For 
the transfection experiments, we formulated various 
Chol-R9/pCMV-Luc or R9/pCMV-Luc complexes with a 
fixed amount of pCMV-Luc (50 ng/ml). Chol-R9/ 
pCMV-Luc complexes showed higher transfection effi- 
ciency than R9/pCMV-Luc complexes at a range of N/P 
ratios between 20 and 40 (Fig. 3C). The conjugation of 
cholesterol to R9 suggests enhanced cellular uptake of 
complexes and increased transfection efficiency. 

Complex Formation of Chol-R9 Conjugate with SiRNA 
To identify the formation of Chol-R9/siRNA complexes, 
we performed polyacrylamide gel electrophoresis (PAGE) 
at different N/P ratios. The positively charged R9 of the 
Chol-R9 conjugate makes complexes with the negatively 
charged phosphate ions on the base backbone on siRNA. 
When the value of the N/P ratio of Chol-R9/siRNA 
reached 40, free siRNA was not detected on the PAGE 
(Fig- 4B). 
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FIG. 3. Complex formation, cell viability, and transection profiles of Chol-R9/ 
plasmid DNA. (A) Electrophoretic patterns of plasmid DNA complexes with 
Chol-R9 (top) and R9 (bottom). (B) Cytotoxicity of bPEI/pCMV-Luc and Chol- 
R9/pCMV-Luc for 293T cells. The data are expressed as mean values ± 
standard deviation of three experiments. (C) Luciferase expression of Chol-R9 
conjugates compared to unmodified R9 and a bPEI control. The graph 
represents mean values ± standard deviation of experiments run in triplicate. 
*P < 0.05 compared to unmodified R9. 

VEGF Silencing Effect of Chol-R9/siRNA Complex in 
Vitro 

To evaluate the biological significance of these systems, 
we investigated the inhibitory activity of siRNA against 
the expression of VEGF in CT-26 cells. We evaluated the 



inhibitory effect from the relative silencing of the VEGF 
assayed by enzyme-linked immunosorbent assay (ELISA). 
Obviously, we observed appreciable silencing of the 
VEGF for the bPEI/siVEGF complex at the N/P ratio of 
10, while scrambled (sc) VEGF showed no effect (Fig. 
5A). As shown in Fig. 5B, Chol-R9/siVEGF complex 
suppressed the VEGF production by 55% compared with 
the untreated control, whereas the unmodified R9/ 
siVEGF complex did not silence the expression of VEGF 
with the same amount of siRNA. 

Inhibition of Tumor Growth with ChoI-R9/siRNA 
Complex in Vivo 

We injected CT-26 cells (1 x 10 6 ) sc into the flank of 
mice. By 2 weeks, visible tumors had developed at the 
injection sites (mean tumor volume 74.18 mm 3 ). To 
determine the therapeutic effectiveness of VEGF siRNA, 
we started intratumoral treatment with Chol-R9/siVEGF 
or Chol-R9/scVEGF and repeated every 4 days for a total 
of six times. As shown in Figs. 6A and 6B, Chol-R9/ 
siVEGF complex markedly suppressed the tumor growth 
compared with Chol-R9/scVEGF complex (P < 0.05) or 
5% glucose solution as a control. To assess the relation- 
ship between the therapeutic effects of Chol-R9/siRNA 
and VEGF in tumors, we quantified the amount of VEGF 
in tumors. We observed a dramatically lower level of 
VEGF in tumors treated with Chol-R9/siVEGF at 17 days 
after the first injection, whereas the tumors treated with 
Chol-R9/scVEGF showed higher level of VEGF (Fig. 7 A). 
We then examined the vascularization in tumors by 
immunostaining with an anti-CD31 antibody. The vas- 
cularization in tumors observed in the Chol-R9/siVEGF- 
treated group was significantly reduced compared with 
tumors from the Chol-R9/scVEGF-treated group (Fig. 7B). 
Based on the above observations, we believe that the 
antitumor effect of Chol-R9/siVEGF was due mainly to 
the antiangiogenic effect of Chol-R9/siVEGF, which was 
confirmed by VEGF quantification (Fig. 7A) and histo- 
logical examination (Fig. 7B). 

Discussion 

Since siRNAs play a pivotal role in gene silencing, the 
critical factors that will determine the success of RNA 
interference approaches are the ability to deliver intact 
siRNAs efficiently into the appropriate cells. In an 
attempt to enhance the function of siRNA, numerous 
studies have used DNA vectors that, upon viral or 
nonviral transfection, lead to intracellular expression of 
double-stranded RNA [36-40]. While this approach often 
results in robust downregulation of gene expression in 
vitro, it suffers in vivo from problems including low 
transfection efficiency, poor tissue penetration, and 
toxicity to the host. 

Bioactive arginine-rich peptides derived from HIV-1 
TAT and antennapedia homeodomain capable of con- 
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denses DNA and enhances endosomal release due to its 
tertiary amines, while the lipid coating on the DNA 
increases its permeability through cell membranes. To 
magnify advantages of the cell-penetrating oligoarginine 
and cholesterol lipid, we conjugated the cholesteryl lipid 
anchor to R9 covalently as a gene and siRNA delivery 
vehicle. 

For gene transfer, bPEI of high-molecular-weight (M w 
25 kDa) is commonly used, but is highly toxic to the cells 
even at low N/P ratios. Addition of the cholesterol to R9 
did not adversely affect cell viability even at higher N/P 
ratios, though it increased transfection efficiency signifi- 
cantly in 293T cells (Figs. 3B and 3C). This higher 



FIG. 4. Sequences of siRNA and complex formation profile. (A) Sequences of 
siRNA targeting VEGF, siVEGF, and scrambled siRNA, scVEGF. (B) Electro- 
phoretic patterns of siRNA complexes with Chol-R9 conjugates. 



densing nucleic acids have attracted considerable atten- 
tion as parts of DNA and siRNA delivery vectors because 
of a highly reproducible and scalable production and an 
inherent specific biological activity [16-20]. Cellular 
uptake of these peptides has been ascribed in the 
literature to an energy- and receptor-independent mech- 
anism that does not involve endocytosis [21-25]. 
Recently, however, it has been demonstrated that cell 
fixation, even under mild conditions, leads to the 
artifactual uptake of these peptides [26]. Moreover, a 
number of studies questioned the validity of the pre- 
dominant mechanisms and suggested that the internal- 
ization of arginine-rich peptides is a temperature- and 
energy-dependent process involving endocytosis [26-28]. 
When used alone, small arginine-rich peptides usually 
exhibit lower cytotoxicity and are also weaker activators 
of the complement system than high-molecular-weight 
polycations such as bPEI. However, the polyelectrolyte 
complexes formed with short arginine-rich peptides lack 
sufficient stability to survive in the blood circulation and 
showed lower cellular uptake. 

Small peptides of a distinctive structure, such as 
oligoarginine, have been studied less extensively com- 
pared with other cationic polymers as a DNA or siRNA 
delivery vehicle. Wender et al. reported that short 
oligomers of arginine were indeed more efficiently taken 
up into cells than TAT peptide [41]. This was quantified 
further by Michaelis-Menten kinetics analysis that 
showed that the arginine oligomers (R9) had K m values 
20- and 100-fold greater than that found for TAT. 
Prompted by this potential value of oligoarginine to 
enhance cellular entry, we initiated modification of 
oligoarginine to improve its transfection ability further. 

Previously, the conjugation of the hydrophobic lipid 
anchor cholesterol to cationic polymers of polyethyleni- 
mine was reported to enhance the cellular uptake of DNA 
from the cell surface [6,7,29-31,42]. This WSLP con- 
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FIG. 5. VEGF silencing with a complex of siRNAs (siVEGF, VEGF siRNA; scVEGF, 
VEGF scrambled siRNA) and various carriers in CT-26 cells. (A) Sequence 
specificity of siRNAs. Cells were transfected with bPEI/siVEGF and bPEI/scVEGF 
at the N/P ratios of 5 and 1 0. (B) Comparison of Chol-R9 with unmodified R9. 
Cells were transfected with Chol-R9/siVEGF and R9/siVEGF at the N/P ratios of 
1 0 to 40. VEGF concentration in the conditioned medium was determined by 
ELISA for mouse VEGF. *P < 0.02 compared to untreated control. 
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transfection efficiency suggests enhanced cellular uptake 
of complexes. 

To test for the bioactivity of Chol-R9 complexed with 
siRNAs, we performed a study of the inhibition of tumor 
angiogenesis by siRNA. A number of growth factors have 
been identified as potential positive regulators of angio- 
genesis. Among them, VEGF has been thoroughly studied 
as a target for antiangiogenic therapy [8,33-35] . Recently, 
inhibition of VEGF production by siRNA was reported as 
an effective and useful method for tumor antiangiogenic 
therapy in vitro and in vivo [43-45]. 

In this study, we show that the combination of two 
independent agents (oligoarginine and cholesterol) can 
produce synergistic effects and not only inhibit the 
production of VEGF in CT-26 cells in vitro but also 
suppress tumor growth in vivo. The higher bioactivity of 
Chol-R9/siRNA might be due to the ionic and hydro- 
phobic interactions between Chol-R9 and siRNA, while 
the precise mechanism is not still clear. In a recent report, 



• Untreated control 
■ Cho!-R9/scVEGF 

♦ Chol-R9/siVEGF 
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Days! Days 17 




FIG. 6. Antitumor effect of siRNAs in vivo. (A) Tumor growth curves. VEGF 
siRNA (1 0 |iM siVECF) or VEGF scrambled siRNA (10 nM scVEGF) was mixed 
with Chol-R9 conjugate at the N/P ratio of 40, and SO nl of each mixture was 
injected into the tumor region subcutaneously. As a control, 5% glucose 
solutions were injected. Day 1 corresponds to 2 weeks after inoculation of cells 
when the tumor volume was approximately 70 mm 3 . Tumor diameters were 
measured at a regular intervals for up to 1 7 days with calipers, and the tumor 
volume was calculated. Results represent the means ± standard deviation (n = 
5 tumors). *P < 0.05 compared to Chol-R9/scVEGF. (B) Images of CT-26 
allografts. On days 1 and 1 7 CT-26 tumors were taken. 




FIG. 7. Intratumoral VEGF contents and vascularization. (A) VEGF levels in 
tumors at 1 7 days after injection. The excised tumors were homogenized in 
PBS with protease inhibitor (Sigma Chemical Co.) and then centrifuged. The 
amount of VEGF in each supernatant was measured by ELISA. *P < 0.05 
compared to Chol-R9/scVEGF. (B) Immunohistochemical staining of the 
subcutaneous tumors with CD31 antibody. Representative images of Chol- 
R9/siVEGF-treated tumors (left) and Chol-R9/scVEGF-treated tumors (right). 



higher cellular association of the stearyl-R8/DNA than 
R8/DNA was observed by Khalil etal. [46]. They suggested 
that with the aid of both the cationic charges and the 
hydrophobic interactions the stearyl-R8/DNA complexes 
would be adsorbed at high levels to the cell surface and 
then internalized via endocytosis. Conjugation of hydro- 
phobic moieties to peptides has also been described to 
enhance the transfection efficiency by causing the 
compaction of DNA/carrier complexes [6,7,29-31,47,48]. 

Taken together, we suggest that the combination of 
the cholesterol moiety and cationic cell-penetrating 
peptides may enhance the cellular uptake of Chol-R9/ 
siRNA complexes and transfection efficiency via endocy- 
tosis. Further study is needed to investigate the precise 
internalizing mechanisms of Chol-R9 or Chol-R9/siRNA 
complexes, including the intracellular location and fate 
of Chol-R9/siRNA complexes. Moreover, a variety of lipid 
moieties might be conjugated to arginine-rich peptides to 
test their enhancing ability for siRNA delivery. 

Materials and Methods 



r>arginine (nine residues) (Genemed Synthesis, Inc., San Francisco, CA, 
USA) in the presence of triethylamine (TEA) (Fig. 1). Oligoarginine (15.4 
mg, 10.8 timol) was dissolved in 5 ml of anhydrous dimethylformamide. 
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After 15.08 ul of TEA was added into the oligoarginine solution, 
cholesterol chloroformate (24.3 mg, 54 nmol) in 5 ml of anhydrous 
tetrahydrofuran was slowly added at room temperature. The reaction 
mixture was stirred overnight. Upon completion of the reaction, solvents 
were removed by purging dry nitrogen gas through a glass transfer 
pipette. The remaining cholesterol chloroformate and TEA were rinsed off 
three times with 15 ml of diethyl ether each time. The crude precipitate 
was purified for 2 days by dialysis (MWCO 500; Spectrum) against 
deionized distilled water to remove free cholesterol. Fourteen milligrams 
of Chol-R9 was finally collected after freeze drying. Synthesized Chol-R9 
was characterized by 'H NMR spectroscopy, MALDI-TOF, and ESI mass 
spectrophotometer. 

Gel retardation assay. Chol-R9/plasmid DNA complex formation were 
confirmed by the agarose gel retardation assay. Chol-R9/pCMV-luc 
complexes were formed at different N/P ratios by incubating in 5% 
glucose solution at room temperature for 30 min. Each sample was then 
analyzed by electrophoresis on a 1% agarose gel with ethidium bromide 
(EtBr; 0.1 ug/ml). Complex formation of Chol-R9/siRNA was monitored 
by the polyacrylamide gel retardation assay. SiRNA targeting mouse VEGF 
(siVEGF) and scrambled siRNA (scVEGF) were purchased from IDT 
Technologies, Inc. (Coralville, IA, USA). Sequences of siRNA are shown 
in Fig. 4A. We selected siRNA sequences as reported by Filleur et at. {45]. 
Various amounts of Chol-R9, ranging from 0 to 44.5 ng, were added to 7 
ng of siRNA at ChoI-R9/siRNA N/P ratios from 0 to 70 in 5% glucose 
solution and incubated for 30 min at room temperature. After incubation, 
each sample was electrophoresed on 13% polyacrylamide gel (w/v) for 1 h 
at 100 V. TBE (89 mM Tris-borate, 2 mM EDTA) buffer was used as 
electrophoresis buffer. Following EtBr (0.1 ng/ml) staining, the gel was 
illuminated with a UV illuminator to show the location of the siRNA. 

Cell toxicity and in vitro transfection assay. The cytotoxicity of Chol-R9/ 
DNA complexes was investigated using a tetrazolium-based calorimetric 
assay as previously reported [49). In this test, viability of cells is assessed 
by the metabolism of a water-soluble tetrazolium dye, MTT, into insoluble 
formazan salts (Sigma) (Fig. 3B). Briefly, 293T cells were plated in 24-well 
plates at 60,000 cells per well and allowed to incubate for 24 h. Polymer/ 
DNA complexes were added in triplicate to the wells at 0.5 ng reporter 
plasmid DNA per well at varying N/P ratios. The bPEI (M r 25 kDa) control 
was prepared at a 5:1 N/P ratio. After 44 h of incubation, the cell viability 
was determined, in which viability was compared to cells that received 5% 
glucose instead of polyplex dispersion. 

Luciferase expression using different N/P ratios of R9 and Chol-R9 was 
observed by using a pCMV-Luc reporter plasmid. When cells reached 
-80% confluency, transfections were performed at the total DNA 
concentration of 50 ng/ml. Transfection experiments were carried out 
on 293T cells in six-well plates maintained in DMEM (GIBCO) medium at 
37°C in a humidified atmosphere containing 5% C0 2 . After 4 h of 
incubation, medium was replaced with 2 ml of fresh medium supple- 
mented with 10% fetal bovine serum (FBS; Hydone) and the cells were 
cultured for 48 h. Luciferase expression was quantified using the 
Luciferase Assay System (Promega) normalized by milligrams of protein. 

ELISA. CT-26 colon adenocarcinoma cells were grown to 80% confluency 
in 24-well plates and transfected with cationic substance/siRNA com- 
plexes. Following 24-h incubation, the level of mouse VEGF produced in 
the medium was determined by using a mouse VEGF ELISA kit (R&D 
Systems, Inc., Minneapolis, MN, USA) according to the recommendation 
of the manufacturer's protocol. Briefly, the 96-microwell plate (provided 
in the kit), coated with mouse polyclonal anti-VEGF antibody, was 
washed with wash buffer. Cell supernatant samples were diluted 1:4 by 
calibrator diluent, and 50 ul of the sample was added into the designated 
wells. Similarly, VEGF standards ranging from 7.8 to 500 pg/ml, also 
diluted in calibrator diluent, were added to the microwell plates. The 
calibrator diluent alone was added in a blank well and incubated at room 
temperature for 2 h. After being washed four times with wash buffer, 100 
ul of polyclonal antibody against VEGF conjugated to horseradish 
peroxidase was added and incubated at room temperature for 2 h. After 
the wells were washed again four times, tetramethylbenzidine substrate 



solution was added and incubated at room temperature for 30 min. The 
enzymatic reaction was stopped by adding 100 ul of stop solution to the 
wells, and absorbance was determined by spectrophotometric reading at 
450 nm. The VEGF concentration in the cell supernatant samples was 
calculated based on the standard curve. 

Cell culture. 293T and CT-26 colon adenocarcinoma cell lines were grown 
and maintained in DMEM and RPMi 1640, respectively, which were 
supplemented with 10% FBS at 37°C and humidified 5% CO z . 

VEGF silencing with Chol-R9/siRNA complex in vitro. CT-26 cells were 
seeded in 24-well tissue culture plates at 8 x 10 4 cells per well in 10% FBS 
containing RPMI 1640 medium. Cells achieved 80% confluency within 
24 h after which they were transfected with cationic substance/siRNA 
complexes prepared at different N/P ratios ranging from 5 to 40. The total 
amount of siRNA loaded was maintained constant at 0.7 ng/well. The 
transfection was carried out in the absence of serum. The cells were 
allowed to incubate at 37°C in the presence of complexes for 4 h in a C0 2 
incubator followed by replacement of 1 ml of RPMI 1640 containing 10% 
FBS. Thereafter, the cells were incubated at 37°C for additional 24 h. Cell 
supernatants were collected for analysis of the amount of VEGF produced 
by ELISA. 

Tumor therapy. To generate tumors, 4- to 5-week-old female BALB/c mice 
were injected subcutaneously in the middle of the right flank with 100 ul 
of a single-cell suspension containing 1 x 10 6 CT-26 cells. Tumor size was 
measured using a vernier caliper across its longest (a) and shortest (ft) 
diameters and its volume was calculated using the formula V = 0.5aft 2 . 
Treatment of the tumors was started after 10-15 days when the tumor size 
reached approximately 70 mm 3 . Chol-R9/siRNA complexes (N/P ratio of 
40) were prepared in 5% glucose and 50 ul of the complexes was injected 
directly into the tumor of BALB/c mice at a dose of 3.5 ug siRNA/mouse. 
The tumors were measured every 4 days and mice were examined for 
appearance and growth of necrosis as well as decreased physical activity. 
Tumor progression was reported in terms of tumor volume over a period 
of 2 weeks. 

Statistical analysis. Results are reported as means ± SD. The statistical 
analysis between groups was determined using a nonpaired f test. P < 0.05 
was considered significant. 
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Abstract 

Vascular endothelial growth factor (VEGF) plays a critical role (hiring 
normal embryonic angiogcncsis and also in the pathol»gk".il angioaeitesis 
that occurs In a munber of diseases, including cancer. We developed a 
novel VEGF blockade system using UNA interference. The small inter- 
fering RNA (siRNA) targeting human VEGF almost, completely inhibited 
the secretion of VEGF in a human prostate cancer cell line, PC-3, whereas 
the control scramble siRNA showed no effects. The VEGF siRNA with 
atelocollagen dramatically suppressed tumor angiogcncsis and tumor 
growth .in a PC-3 s.e. xenograft model. Atelocollagen provided a beneficial 
delivering means by which stabilization and efficient transfection of the 
siRNA injected into the rumors were achieved. 

Introduction 

Several RNA interference (RNAi) methodologies are rapidly being 
established and hold promise to specifically inhibit gene expression in 
mammals (1). RNAi is the sequence-specific, posttranscriptional gene 
silencing method initiated by double-stranded RNAs, which are ho- 
mologous to the gene being suppressed. Double-stranded RNAs are 
processed by Dicer, a cellular RNase III, to generate duplexes of ~21 
nt with 3'-overhangs [small interfering RNA (siRNA)]. which 
mediate sequence-specific mRNA degradation (1, 2). RNAi technol- 
ogy, especially chemically synthesized siRNA, is currently being 
evaluated not only as an extremely powerful instrument for functional 
genomic analyses but also as a potentially useful method to develop 
highly specific gene-silencing therapeutics. However, there are only a 
few studies on the application of siRNA to the organismal level. This 
Study was performed to suppress tumor angiogenesis by si RNA. There 
is compelling evidence indicating that uncontrolled angiogenesis is a 
major contributing factor in both tumor growth and metastasis (3 5). 
A number of growth factors have been identified as potential positive 
regulators of angiogenesis. Among them, vascular endothelial growth 
factor (VEGF) is the only growth factor most consistently found in a 
wide variety of conditions associated with angiogenesis (6). Inhibition 
of VEGF activity or disabling the function of its receptors has been 
shown to inhibit both tumor growth and metastasis in a variety of 
animal tumor models (7-9). We planned to suppress the synthesis of 
VEGF in the human prostate carcinoma cell line, PC-3, using siRNA 
and to evaluate its therapeutic significance in a xenograft model. For 
hi vivo treatment, we used a new gene transfer method using a 
biomaterial, atelocollagen, prepared from bovine dermis (10). Atelo- 
collagen is unique in that it is a liquid at 4°C and a gel at 37°C. 
Therefore, we expected atelocollagen to increase cellular uptake. 
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Materials and Methods 

Preparation of siRNAs. Five si RNAs targeting human VEGF and one 
scrambled siRNA (used for a positive control) with the following sense and 
antisense sequences were used: VEGF siRNA no. 1 (bases 131-149), 5'-UGGAU- 
GUCUAUCAGCGCAGdTdT-3' (sense), 5'-CUGCGCUGAUAGACAUCCA- 
dTdT-3' (antisense): VEGF siRNA no. 2 (bases 149-167), 5'-GCUACUGCC- 
AUCCAAUCGAdTdT-3' (sense), 5 ' -UCGAUUGGAUGGCAGUAGCdTdT-3 ' 
(antisense): VEGF siRNA no. 3 (bases 189-207), 5'-GGAGUACCCUGAU- 
GAGAUCdTdT-3 ' (sense), 5'-GAUCUCAUCAGGGUACUCCdTdT-3' (anti- 
sense); VEGF siRNA no. 4 (bases 290-308), 5'-CUGAGGAGUCCAACAU- 
CACdTdT-3' (sense), 5'-GUGAUGUUGGACUCCUCAGdTdT-3' (antisense); 
VEGF siRNA no. 5 (bases 336- 354), 5'-CCAAGGCCAGCACAUAGGA- 
dTdT-3' (sense), 5'-UCCUAUGUGCUGGCCUUGOdTdT-3' (antisense); and 
VEGF siRNA no. 3-SCR, 5'-ACGCGUAACGCGGGAAUTJGdTdT-3'(sense), 
lAWCCGGi rUUA< fdT-.V ( mti ease r All siRNAs were de- 

signed by B-Brid h i i (Sunn le, CA) and it 1 

Dharmacon, Inc. (Lafayette, CO) using 2'-bis (acetoxyethoxy)-methyl ether- 
(ACE) protection chemistry. We selected siRNA sequences as reported by 
Elbashir et al. (12). Thus, we (a) searched for sequences 5'-AA(N19) or 
5'-NA(N19), where N is any nucleotide, in tire intended mRNA sequence 
(within an open reading frame and preferably 50-100 nt downstream of the 
start codon) and choose those with 47 or 52% G/C content; (b) Blast-searched 
the selected siRNA sequences against expressed sequence tag libraries to 
ensure that only a single gene is targeted; and (c) checked a predicted 
secondary structure of the intended mRNA to avoid a steric hindrance for its 
binding. Each freeze-dried siRNA was reconstituted with RNase-free water to 
prepare a 20 jxM stock solution. The targeting sequence and its location of each 
siRNA in VEGF cDNAis shown in Fig. Li. To inhibit the synthesis of all five 
alternative splicing variants of human VEGF, all target sites in this study were 
selected within exons 3 and 4. We also used fluorescein (FI)- or 32 P-labeled 
VEGF siRNA no. 3-SCR to monitor the stability of siRNA upon injection into 
tumors grown in nude mice. To verify the sequence specificity of the RNAi 
system, VEGF siRNA no. 3 with one or two mismatches was also synthesized 
(Fig. IB). 

Cell Culture Conditions and Transfection of siRNAs. PC-3 cells (Amer- 
ican Type Culture Collection, Manassas, VA) derived from human prostate 
adenocarcinomas were cultured in Ham's F-12 medium modified by Kaighn 
(F-12K) with 10% heat-inactivated fetal bovine serum at 37°C in a humidified 
atmosphere, of 5% C0 2 . Cells were plated at a density of 2 X 10 5 cells/35-mm 
tissue culture dish. After 20 h and 70 - 80% confluence, the cells were trans- 
fected with siRNAs in serum-free medium using LipofeclAMlNE PLUS 
(Invitrogen, Carlsbad, CA). Then, 5 /xl of each siRNA stock solution (20 /xM) 
and the PLUS reagent (10 /xl) were mixed in Opti-MEM (85 yX; Invitrogen) in 
a small sterile tube After imrae liate mixing and incubation at room temper- 
ature for 15 min, the Lipofect AMINE reagent (4 /xl) in Opti-MEM (100 /xl) 
was added, and the mixture was left at room temperature for 15 min. Then, 0.8 
ml of F-12K was added to generate the siRNA-lipid complex. Tire PC-3 culture 
medium was removed, and the siRNA-lipid complex (1 ml total volume) was 
added. After incubation for 4 h at 37°C, 1 ml of F-12K with 10% fetal bovine 
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serum was added, and incubation was continued for 6 h. 'lite medium was then 
replaced with fresh F-I.2K with heparin (20 jAg/ml). After 16 h of incubation, 
conditioned medium was collected for ELISA. 

VEGF ELISA. Secretion of VEGF into the cell culture supernatant and 
tumor contents of VEGF in the PC-3 xenografts were dctennined using a 
Quantikine human VEGF Immunoassay kit (R&D Systems, Minneapolis, MN) 
according to the manufacturer's instructions. 

Quantifying mRNA of VEGF. The concentrations of human VEGF 
mRNA were determined with a Quantikine mRNA colorimetric quantitation 
kit (R&D Systems) according to the manufacturer's instructions. Total RNA 
samples (5 fig) from PC-3 cells transfected with various siRNAs were assayed 
using human VEGF gene-specific biotin-labeled capture oligonucleotide 
probes and digoxigenin-labeled detection probes. The concentration of human 
VEGF mRNA was calculated by interpolation of a standard calibration curve. 

Semiquantitative Reverse Transcriprion-PCR Analysis for VEGF Fam- 
ily Gene Expression. Reverse transcriplion-PCR was performed with the 
isolated total RNA (1 pig) using Omniscript RT kit and HotStatTaq PGR kit 
(Qiagen) according to the manufac i ret in Unctions. Two primer set to detect 
VEGF-B (13), VEGF-C (14), VEGF-D (14), and placenta growth factor (13) 
was used, respectively. Details tti conditions for PCR reaction were reported 
previously (13, 14). 

Preparation of 32 P-Labeled siRNA. VEGF siRNA no. 3-SCR were la- 
beled at the 5'-end by T4 polynucleotide kinase (Takara Shuzo Co. Ltd.) and 
[•y- 32 P]ATP (Amersham Bioscience) in 50 of reaction mixture. Thus, 5 ix\ 
of VEGF siRNA no. 3-SCR stock solution (20 /xM), RNase-free water (30 /xl), 
10 x kinase bulfer (5 /xl; Takara), 5 of T4 polynucleotide kinase (10 
units//*!), and 5 pd of [y- 32 P]ATP (6000 Ci/mmol) were incubated at 37°C for 
2 h. The reaction mixture was placed in the upper chamber of Mictocon YM3 
(cutoff value M r 3000; Millipore Corp.). After adding 200 yX of RNase-free 



water, it was centrifuged (4000 X g), and the procedure was repeated four 
limes. Material remaining in the upper chamber was regarded as -"P-labeled 
VEGF siRNA (200 /xl). Analysis of 32 P-labeled VEGF siRNA by PAGE (15% 
gel) followed by autoradiography gave a single band. 

Cellular Uptake of 32 P-Labeletl siRNA. PC-3 cells were transfected with 
32 P-labeled VEGF siRNA (100 nM; 213,965 cpm/dish) using Lipofect AM1N E 
PLUS as described above. On the next day, the cells were vigorously washed 
with PBS to remove incorporated 32 P-Iabeled siRNA on the cell surface and 
were lysed with CelLytic-MT Mammalian Tissue Lysis/Extraction Reagent 
(Sigma Chemical Co.). After centrifugation, radioactivity in the supernatant 
was determined by a liquid scintillation counter (Beckman). Then, the effi- 
ciency for transfection was calculated. 

Tumor Therapy. A total of 3.0 X 10 s PC-3 cells were s.c. inoculated in 
0.3 ml of serum-free F-12K medium through a 24-gauge needle into the lower 
flank of S-week-old athymic nude mice obtained from SLC (Tokyo, Japan) as 
described previously (11, 15). After 3 weeks when the tumors had reached an 
average volume of ~50 -60 mm A the tumor-bearing nude mice were treated 
with VEGF siRNA no. 3 with atelocollagen (Koken Co. Ltd., Tokyo, Japan). 
The final concentration of atelocollagen was 1.75% and that of the siRNA is 
described in Fig. 3.4. siRNAs were used after dilution with PBS. As positive 
controls, PBS mixed ith atelocolla i (eeted. Each therapeutic reagent 

was injected into the tumors every 10 days after the first injection as indicated 
in Fig. 3A. Tumor diameters were measured at regular intervals with digital 
calipers, and the tumor volume in mm 3 was calculated by the formula: 
volume = (width) 2 X length/2 (16). Data are presented as mean ± SE. Animal 
experiments in the present study were performed in compliance with the 
guidelines of the Institute for Laboratory Animal Research, Nagoya University 
Graduate School of Medicine. 



